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Abstract 
The field of DNA nanotechnology offers a wide range of design strategies with which 
nanometer-sized structures with a desired shape, size and aspect ratio can be built. The 
most established techniques in the field rely on close-packed "solid" DNA nanostructures 
produced with either the DNA origami or the single-stranded tile techniques. These struc-
tures depend on high-salt buffer solutions and require more material than comparable 
size hollow wireframe structures.  
This dissertation explores the construction of hollow wireframe DNA nanostructures 
composed of equilateral triangles. To achieve maximal material efficiency the design is 
restricted to use a single DNA double helix per triangle edge. As a proof of principle, the 
DNA origami technique is extended to produce a series of truss structures including the 
flat, tetrahedral, octahedral, or irregular dodecahedral truss designs. In contrast to close 
packed DNA origami designs these structures fold at low-salt buffer conditions. These 
structures have defined cavities that may in the future be used to precisely position func-
tional elements such as metallic nanoparticles or enzymes. The design process of these 
structures is simplified by a custom design software.  
Next, the triangulated construction motif is extended to the single-stranded DNA tile 
technique. A collection of finite structures, as well as one-dimensional crystalline assem-
blies is explored. The ideal assembly conditions are determined experimentally and us-
ing molecular dynamics simulations.   A custom design software is presented to simplify 
the design and handling of these structures. 
 At last, the cost-effective prototyping of triangulated wireframe DNA origami struc-
tures is explored. This is achieved through the introduction of single-stranded “gap” re-
gions along the triangle edges. These gap regions are then filled using a DNA polymer-
ase rather than by synthetic oligonucleotides. This technique also allows the mechanical 
transformation of these structures, which is exemplified by the transition of a bent into a 
straight structure upon completion of the gap filling. 
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 A short introduction into DNA 
nanotechnology   
 Nanotechnology 
Nanotechnology is an interdisciplinary field studying the manipulation of materials on an 
atomic or molecular scale. Nanometer, standing for 10-9 or one-billionth of a meter, is the 
scale of biological molecules such as DNA, proteins or lipids, constituting life, and it is 
also the scale of the components of transistors in our electronic devices, or nanoparticles 
used in sunscreen for radiation protection, or medicine to deliver potent drugs. There are 
two common strategies to produce nanometer sized features: top down and bottom up. 
1.1.1 Top down 
Top down refers to the processing of larger structures to create nano features. The most 
prominent example is the photolithography process that is extensively utilized in elec-
tronics (Figure 1-1 A, B). The desired features are projected using a mask onto a light-
sensitive resist material, which is then chemically treated to reveal the structures. The 
dimensions of the features one can produce using this technique are limited by the Ray-
leigh criterion:1 
𝐶𝐷 = 𝑘1
𝜆
𝑁𝐴
, 
where CD is the critical dimension (smallest possible feature size), 𝜆 is the wavelength 
of light used, 𝑘1 is a coefficient that encodes process-related factors and 𝑁𝐴 is the nu-
merical aperture of the lens as seen from the wafer. Therefore, one can increase reso-
lution using high numerical aperture lenses and decreasing the wavelength of light. The 
current state of the art process is called extreme ultraviolet (EUV) lithography. Commer-
cially available machines like the TWINSCAN NXE:3400B2 operate using a 13.5 nm 
EUV light source and enable a resolution of 13 nm.2  
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Figure 1-1. Examples of top down surface patterning. A) Schematic representation of the 
photolithography process.3 B) Micrograph of an Intel Core Processor.4 C) Schematic rep-
resentation of a scanning tunneling microscope. (STM) D) STM micrograph from the 
movie "A Boy and His Atom".5 
Another example of the top down methodology is the utilization of a scanning tunneling 
microscope (STM) (Figure 1-1 C). Using this device, it is possible to arrange single atoms 
or molecules in a defined pattern, as was successfully shown by scientists from the IBM 
research department by the production of the world’s smallest movie "A Boy and His 
Atom", arranging 65 molecules of carbon monoxide on a copper substrate into 242 still 
images5 (Figure 1-1 D). STM is a probe-based technique, this means that each molecule 
or atom one wants to position is processed individually. Therefore, it takes enormous 
amounts of time to achieve the desired pattern or structure and it is not scalable. 
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1.1.2 Bottom up 
Bottom up refers to the process of spontaneous assembly of nanostructures from smaller 
components. Nature is the best example of bottom up assembly processes. Most of the 
cell machinery consists of proteins, which are polymers of the 20 naturally occurring 
amino acids. Between the amino acids constituting a single protein, there are electro-
static, hydrophobic, and steric interactions. These interactions define the three-dimen-
sional structure of a given protein sequence and allow for further association of protein 
subunits into larger macromolecular assemblies (Figure 1-2).6 These complexes perform 
extremely sophisticated tasks – they are propulsion motors, ion channels maintaining a 
gradient across a cell membrane or even the synthesis machines of proteins themselves 
and are extremely optimized by the process of natural selection. 
 
Figure 1-2. Protein secondary structure as an example of bottom up self-assembly. A, 
B) Amino acids chains organize into secondary structures (pleated sheets or alpha heli-
ces). C) Interaction between individual protein domains yields the tertiary structure of a 
protein (example PDB 2TMV tobacco mosaic virus capsid protein). D) Multiple capsid 
proteins organize to form a tube structure.7 
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Bioengineering has opened up unprecedented control over the matter at the nanoscale. 
Applications include novel medical and bioanalytical tools allowing us to dissect and con-
trol processes happening in cells at an atomistic resolution.8 Another field explored 
through bioengineering approaches is the construction of electronic devices and compo-
nents. In contrast to lithographic methods, biology derived template systems are cheaper 
and require less energy for the assembly.9  
Most of the tools available for bioengineering are derived from the existing cell machin-
ery. It is extremely cumbersome and time consuming to engineer de novo functionalities 
which were not part of an existing protein before. This is due to the incredibly diverse 
space of chemical interactions defining the structure of a protein, which makes it very 
hard to predict the relation between an amino acid sequence and the three-dimensional 
structure it will assume.6 Deoxyribonucleic acid (DNA) has a narrower secondary struc-
ture space, making it an excellent choice for exploring molecular construction mecha-
nisms.   
 Deoxyribonucleic acid (DNA) 
 
Figure 1-3. Structure of DNA. A) Watson-Crick base pairing. B) Crystal structure of a 
typical B-DNA double helix. (PDB 1BNA).10 
DNA consists of a phosphate-deoxyribose backbone on which the nucleobases are at-
tached. Nature uses 4 bases to encode life: Adenine, Thymine, Cytosine and Guanine. 
In its natural state, DNA forms a double helix consisting of two DNA strands. The pairing 
between the strands most commonly occurs in the so-called Watson-Crick base pairing11 
pattern by specific hydrogen bonds between Thymine and Adenine, as well as Guanine 
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and Cytosine (Figure 1-3 A). The bases are aromatic substances and thus interact also 
through π-stacking. The most commonly formed structure is called B-DNA                       
(Figure 1-3 B). It is a right-handed double helix with a helical turn of 10.5 base pairs (bp) 
(ca. 3.6 nm) and a diameter of 2 nm. The strands are running in opposing directions and 
two cavities are formed on the helix termed major and minor groves, respectively. 
However, other structures have been observed as well. For instance, the first discovered 
structure of DNA was called A-DNA and tends to form in dehydrated DNA12 (right-
handed, 11 bp per turn, 2.3 nm diameter). The double helix formed by DNA in this form 
has a smaller twist and a bigger diameter than for common B-DNA. Furthermore, Gua-
nine and Cytosine rich sequences under the influence of specific metal ions like cobalt 
are prone to form the Z-DNA structure (left-handed, 12 bp per turn, 1.8 nm diameter).13 
The different structures are summarized in Figure 1-4. At last it shall be noted that spe-
cific sequences, such as A-tracts exhibit preferential curvature.14 
 
Figure 1-4. Model structure of the A, B and Z DNA double helices. Adapted from.15 The 
A and B form of DNA are right-handed. Z-DNA is left handed. Note the “hollow” center 
of the A-DNA and Z-DNA. 
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The rigidity of semi flexible polymers like DNA is usually characterized by their persis-
tence length (𝑃), which equals to the length over which correlations in the orientation of 
a thermally fluctuating contour decay exponentially. In a two-dimensional system, 𝑃 is 
defined by: 
〈?̂?(𝑥) ⋅ ?̂?(𝑥 + ∆𝑥)〉 = ⅇ−𝛥𝑥∕2𝑃, 
Where 〈?̂?(𝑥) ⋅ ?̂?(𝑥 + ∆𝑥)〉, is called the tangent correlation, it is the average inner product 
between two unit tangent vectors separated by a distance ∆𝑥 along a contour (Figure 
1-5).16 The 𝑃 value for single-stranded DNA (ssDNA) lies at ca. 1 nm, the experimental 
value obtained for double-stranded DNA (dsDNA) is 50 nm.17 
Next, constructing artificial structures out of DNA will be discussed. 
 
Figure 1-5. Typical fluorescence image of a DNA nanotube with its trace superimposed, 
indicating two tangents, t1 and t2, and their separation distance Δx. Image adapted with 
permission from16 Copyright (2013) American Chemical Society. 
 DNA Nanotechnology 
Assuming one has two DNA double helices with complementary protruding sequences 
as displayed in Figure 1-6 A. These sequences are called “sticky ends” and can be used 
to linearly grow a DNA double helix. This allows the construction of wires and ring struc-
tures. Ring DNA structures are essential for certain organisms such as bacteria as that 
is the form in which these organisms organize their genome. For nanotechnological ap-
plications small double-stranded ring structures with a length smaller or approaching the 
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persistence length of dsDNA are of interest, because they can be used as defined build-
ing motifs18,19. While it is possible to construct complex shapes utilizing just DNA rings 
along with synthetic polymers like Dervan-type polyamides19,20, this approach has not 
become wide spread in the field due to the complexity of the polyamide synthesis and a 
limited addressability compared to that of DNA hybridization (Figure 1-6 B).  
 
Figure 1-6. Building blocks of DNA nanotechnology. A) DNA sticky end cohesion. 3’ ends 
are indicated by the arrows. B) Model of a dsDNA catenane structure. C) Different 
branching ways of DNA helices. D) Model of the DNA cube structure. B) Reprinted with 
permission from15 Copyright (2011) American Chemical Society. D) Reprinted with per-
mission from21 Copyright (2003) Springer Nature. 
The common approach to the construction of DNA nanostructures relies on branching 
DNA molecules into junctions. For instance, using three partially complementary strands 
of DNA it is possible to form the so-called three-arm junction (Figure 1-6 C). Similar junc-
tions naturally occur during the process of DNA replication. These junctions were used 
to construct a DNA cube22 (Figure 1-6 D) which was the first constructed polyhedral DNA 
nanostructure. To assemble this structure, strands were sequentially annealed and li-
gated. 
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Another DNA junction with biological significance is the four-arm junction (Figure 1-6 C) 
also called the Holliday junction (HJ).23 These junctions occur in the process of DNA 
recombination.  Biological HJs are symmetric and do not have a fixed branching point as 
the branching point can migrate along the sequence due to the sequence symmetry, 
being resolved in two separate double stranded helices. Therefore, to assemble stable 
structures it was essential to construct immobile HJs where the bases at the branching 
point are not symmetric at the branching point.24 Following this, synthetic five-arm and 
six-arm junctions were constructed (Figure 1-6 C),25 the most complex junction being a 
12-arm junction.26 
HJs as a construction motif have an advantage over every other type of the mentioned 
junctions. In solution, they usually reside in one of the two stacked conformations. The 
choice of the conformation is sequence dependent, with some junctions having more 
preference towards a particular isomer.24 The intermediate open conformation in solution 
is observed only in the presence of specific proteins like RuvA.27 
If one combines the notion of the DNA-junction with the sticky ends it becomes possible 
to construct far more complex structures (Figure 1-7), such as polyhedra,22,28,29 lat-
tices27,30,31 and even 3D crystals.32–34 These were proposed over 35 years ago by N. 
Seeman24 as frameworks for molecular organization (Figure 1-7), potentially simplifying 
the process of protein structure determination (which is one of the main topics still pur-
sued by the field). 
 
Figure 1-7. A) Design of HJ-based lattices31 and B) The idea of organizing DNA six-arm 
junctions into 3D-crystalls for the protein structure determination.24 
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1.3.1 Tile based assembly 
As discussed before, HJs are the only junctions which assume a stable conformation in 
solution. This fact and the limitation of the persistence length of dsDNA (ca. 50 nm) lead 
to the search of stable motifs for the construction of more complex structures. The easi-
est way to increase the persistence length of DNA is to bundle several double helices 
together. This is achieved through reciprocal exchange of the DNA strands forming the 
double helices. The next construction motif explored by the field was a double crossover 
(DX) DNA tile (DX-tile).35 It is formed by five DNA strands. The exchange between the 
double helices happens through strands of opposite polarity (Figure 1-8).                                
Sa-Ardyen et al.36 showed that linear arrays of this motif have a persistence length twice 
as big as regular dsDNA. Similarly, one can construct TX-tiles consisting of three dsDNA 
connected by crossovers. 
 
Figure 1-8. DNA motifs formed through reciprocal exchange between DNA double heli-
ces. DX-molecules consist of two DNA double helices, which are held in place through 
two crossovers. TX-tiles show a possibility to interconnect three dsDNA together. PX and 
its topo-isomer the JX2 molecule show an alternative to regular crossover way to inter-
connect two dsDNA. Image adapted with permission from37 Copyright (2010) Annual Re-
views.  
An alternative way to construct a motif consisting of two dsDNA is by utilizing a parane-
mic crossover (PX-tile).38  The PX-tile and its topo-isomer the JX2-tile are formed through 
reciprocal exchange of strands with the same polarity at every possible position. (Figure 
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1-8) This motif can be generalized to use a single circular strand to fold the entire tile 
structure.38 
The DX-tiles and variations to this motif were used to achieve remarkably complex sys-
tems. Amongst 2D lattices with defined patterns30,39 and algorithmic assemblies of pat-
terns like the Serpinski triangles,40 recent studies of the Schulman group utilizing DNA 
origami seeds (discussed in 1.3.2) show the assembly of defined tubular structures with 
control over length41 and orientation.42 In another study, this group described a method 
to interconnect molecular landmarks by DX-based tubular structures.43   
1.3.2 DNA origami and single-stranded tiles 
A true burst to the complexity of the constructed DNA structures came with the invention 
of the DNA origami technique by Rothermund.44 The method he proposed is based on 
the folding of a long single-stranded circular DNA strand (usually the genome of the bac-
teriophage m13) termed scaffold into the desired shape by short synthetic complemen-
tary strands called staples. The biggest difference to the tile-based assemblies is that all 
components could be mixed in a one-pot reaction, directly forming the desired product 
and thus greatly simplifying the fabrication process. Another advantage over the tile-
based structures is the addressability of the structure, implying that each of the staple 
strands forming the final structure can be used to display a specific functional element at 
a precisely defined location. 
Designing a DNA origami nanostructure involves approximating a given flat shape by 
several parallel double helices (Figure 1-9 A). Further on, one outlines a path for the 
scaffold strand, such that it is a part of all the previously outlined double helices. At last, 
different parts of the scaffold strand are interconnected by an array of crossovers formed 
by the staple strands (Figure 1-9 B). An important aspect but not necessarily a limitation 
for the scaffold strand path in a desired structure comes from the fact that most of the 
biologically produced scaffold strands are circular. Therefore, scaffold strands traversing 
a structure usually have to form an Euler path. This implies that the start and end point 
of the path have to match. 
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Figure 1-9. Schematic representation of a DNA origami design. A) The initial approxi-
mated shape is shown. B) corresponding scaffold routing and staple layout. Image 
adapted with permission from44 Copyright (2006) Springer Nature. 
The Shih group extended the DNA origami technique to produce 3D structures              
(Figure 1-10).45  In the variation of the method they used, DNA helices are arranged 
parallel in either a hexagonal or a cubic lattice to form the desired structure. Moreover, it 
was shown that introducing specific stress patterns into the structure can precisely curve 
the constructed DNA origami shape.46 This form of the method is utilized in most of the 
existing applications which are discussed further on. In parallel to this, the Yan group 
also extended the method to produce barrel-like shapes and gridiron-based wireframe 
structures.47,48
 
Figure 1-10. Examples of 3D DNA origami shapes. A) Single layer origami shapes. B) 
multilayer structures and structures with twist. Some of the presented structures in both 
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A and B are constructed from more than one DNA origami building block. Adapted with 
permission from49 Copyright (2010) Elsevier. 
Another technique allowing the assembly of almost arbitrarily shaped, complex struc-
tures is called single-stranded tiles for the flat structures,50 or single-stranded bricks for 
the 3D structures.51 Both techniques explore the scaffold-less assembly of short syn-
thetic oligonucleotides. Contrary to the regular tile systems described before, these sys-
tems are fully addressable and can be used to assemble an arbitrary shape in a lego-
brick-like fashion. 
At last, all these techniques can be combined to produce more complex systems. For 
instance, DNA origami seed structures are widely used to control the assembly of 
DX-tile-based structures.41,42 Moreover, DNA origami structures may act as tiles them-
selves, organized either by a defined connection interface52–54 or by a scaffold strand.55   
1.3.3 Some applications of DNA nanotechnology 
As mentioned above, one of the first application ideas for DNA nanostructures was the 
construction of support structures for the protein structure determination. A promising 
approach to this task is based on the construction of a DNA crystal with the defined 
parameters of the unit cell, hosting the protein of interest in a given orientation. While 
multiple groups proved that it is possible to assemble DNA crystal structures                  
(Figure 1-11 A-C),32–34,56 successful usage of these structures for x-ray diffraction protein 
structure determination remains to be shown. In a different approach, liquid crystals con-
sisting of concentrated DNA origami structures were used to aid the NMR-based protein 
structure determination.57  A support structure for cryo-electron tomography protein 
structure determination has also been constructed.58 To expand on these approaches, 
structures that mimic the protein natural environment, such as the lipid membrane, are 
developed as well (Figure 1-11 D,E).59–61  
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Figure 1-11. Examples of applications for structural  DNA nanotechnology A) 3D model 
of the duplex motif forming the DNA crystal. B) Two orientations, rotated at 90° with 
respect to one another, of a 3D model showing the interaction of six duplex motifs. C) 
Optical images of self‐assembled hexagonal prism DNA crystals based on the duplex 
motif. D) Lipid DNA disc formation scheme and TEM-micrograph of the assembled struc-
ture. Scale bar 50 nm. E) 3D model of a DNA-encircled lipid bilayer. F) 3D model of a 
DNA origami–based nanoscopic force clamp. G) Model of a molecule positioning unit 
and the corresponding DNA origami structure. Red circle, yellow triangle, blue square 
are the possible controlled positions. Distance control is achieved through changing the 
length of the adjuster helix. H) Model of an origami structure organizing two dynein and 
5 kinesin proteins. I) Model of an ion channel constructed using a DNA origami structure. 
J) Model structure of a Logic-Gated Nanorobot for Targeted Transport of Molecular Pay-
loads. K) Model of a DNA-Assembled Plasmonic Waveguide for light propagation to a 
fluorescent nanodiamond. A-C) Adapted with permission from56 Copyright (2018) An-
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gewandte Chemie. D) Adapted with permission from61 Copyright (2018) American Chem-
ical Society. E) Adapted with permission from59 Copyright (2018) Royal Chemical Soci-
ety. F) Adapted with permission from62 Copyright (2016) American Association for the 
Advancement of Science. G) Adapted with permission from63 Copyright (2016) Springer 
Nature. H) Adapted with permission from64 Copyright (2012) American Association for 
the Advancement of Science. I) Adapted with permission from65  Copyright (2012) Amer-
ican Association for the Advancement of Science. J) Adapted with permission from66 
Copyright (2012) American Association for the Advancement of Science. K) Adapted 
with permission from67 Copyright (2018) American Chemical Society. 
Further on, bundled DNA structures were utilized in biophysical pulling experiments (op-
tical traps). In these experiments, two DNA double strands can be used as tethers on 
different sides of the analyzed protein. Exchanging this tether setup by a 42 helix-bundle 
origami structure was shown to greatly improve the signal to noise ratio.68 An alternative 
structure, exerting a calculated amount of force to an analyzed molecule has also been 
constructed (Figure 1-11 F).62  
As mentioned in 1.3.2, DNA origami structures are fully addressable, therefore their main 
usage is the precise positioning of functional elements. The maximum achieved resolu-
tion so far has been shown in a detailed study of the FRET energy transfer between 
several dyes, where the distance between each individual dye was shown to be con-
trolled with Bohr radius (0.05 nm) precision (Figure 1-11 G).63 Further biophysical appli-
cations include the studies of enzyme cascades where the respective proteins69,70 and 
substrate molecules71 were arranged at a desired distance from each other. Motor pro-
teins were attached on a DNA nanostructure, allowing the study of their combined inter-
action (Figure 1-11 H).64,72–74  Further on, DNA origami structures are used for the con-
trolled nucleation of liposomes75 as well as the controlled deformation of lipid mem-
branes.76 The construction of biomimetic structures including channels (Figure 1-11 
I)65,77,78 and model systems for the study of biological filaments was achieved as well.79,80 
Another aspect explored by the field is biomedicine. The superior positioning properties 
of DNA origami devices potentially allow the targeted drug delivery81 as well as the adap-
tive treatment systems (Figure 1-11 J).66,82 The latter aspect is also explored in various 
DNA-based sensor structures.83 
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Optoelectronic devices are explored as well.84 This includes chiral structures with defined 
circular dichroism spectra,85 plasmonic waveguide structures (Figure 1-11 K)86,87,67 as 
well as DNA-mold structures,54,88,89 which can be potentially used to construct self-as-
sembling electronic circuits. 
1.3.4 Wireframe structures 
Similar to macroscopic construction considerations, the most material-efficient way to 
utilize the building material is to construct wireframe structures. The loose packing of the 
helices allows these structures to be stable in biologically relevant conditions as less salt 
ions are required during the assembly and storage process.90 Different types of 
wireframe DNA structures have been constructed. A small selection is presented in Fig-
ure 1-12.  
 
Figure 1-12. Examples of wireframe DNA origami structures. A) 3D models of simple 
polyhedral DNA structures. B) Models of gridiron DNA origami structures. C) Top: DX-
tile based assembly motifs and tensegrity triangle motif. Bottom: corresponding micro-
graphs of the formed structures. D) Example of a DX-tile based origami with angle control 
at the junction and corresponding AFM micrograph. E) 3D models of DNA origami poly-
hedral meshes produced using the vHelix software.91 F) Structures produced using the      
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DAEDALUS software.92 A,C) Adapted with permission from93 Copyright (2014) American 
Chemical Society. B) Adapted with permission from48 Copyright (2013) American Asso-
ciation for the Advancement of Science. D) Adapted with permission from94 Copyright 
(2015) Springer Nature. E) Adapted with permission from91 Copyright (2015) Springer 
Nature. F) Adapted with permission from95 Copyright(2019) Annual Reviews. 
Basic polyhedral structures22,28,96,97 as displayed in Figure 1-12 A use a single DNA dou-
ble helix per edge. These designs rely on the DNA-junctions introduced in Figure 1-6 C. 
These structures were assembled using just short synthetic oligonucleotides.   
As mentioned in 1.3.2, the Yan group extended the DNA origami technique to produce 
gridiron DNA origami nanostructures.48 Similar to regular DNA origami these structures 
are based on regular HJ, however the helices are packed on a gridiron mesh. As can be 
seen in Figure 1-12 B this method can be used to construct arbitrary flat and 3D struc-
tures.  
In parallel to the construction of finite particles discussed above, crystalline wireframe 
structures were explored as well. A small set is displayed in Figure 1-12 C, including DX-
motif based structures30,98,99 and the tensegrity triangle.32  
DX-tile based junctions allow the precise control of the angle between the respective 
arms forming the junction. This is achieved through introducing a defined number of Thy-
mine linkers at the junction site.94 An example structure produced using this technique is 
shown in Figure 1-12 D.  
All the structures discussed in this paragraph so far were constructed manually from the 
bottom up, implying that the arrangement of the helices and crossover elements was 
decided by the designer. Even though the process was simplified by the usage of de-
signer software like Tiamat100, caDNAno101 and the software presented further on in this 
dissertation (3.2.1, 4.2.1), the process was extremely time consuming and tedious. How-
ever more recent approaches explore the rendering of a given polyhedral mesh into the 
desired structure in an automated fashion. Software like vHelix91 and DAEDALUS92 and 
generalizations to the algorithms used in them102–104 allow the fully automated design of 
arbitrary polyhedral particles and flat structures from given mesh models.     
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1.3.5 Computational tools and DNA nanotechnology. 
While the first explored DNA structures like the DX-tile based designs were compara-
tively simple including up to five interacting strands, finding the optimal sequences for 
the strands forming these structures is a complex optimization problem. To avoid mis-
folded structures the DNA sequences are chosen such that the desired interaction be-
tween the individual strands is preferred. Further on sequences displaying the minimal 
amount of secondary structure are chosen. Designing more complex structures consist-
ing of hundreds of interacting strands is possible through computer aided design tools, 
which are continuously being developed and improved in the field. These tools can be 
separated into the following categories: sequence optimization and secondary structure 
prediction packages, structure design tools and structure simulation packages. 
Prominent examples of the sequence optimization and secondary structure prediction 
tools are m-fold105 and nupack.106 Both these packages use approaches based on dy-
namic programming and sequence alignment to predict the secondary structure of nu-
cleic acid sequences. In addition, nupack can be used to design sequences satisfying 
required properties, such as having a desired secondary structure or specific interactions 
between multiple strands. Both these tools provide convenient web servers making both 
of these tools extremely easy to access. The source code of the servers can be down-
loaded upon registration and is utilized in multiple labs for custom tools.  
The most used structure design tools are caDNAno101 and Tiamat.100 CaDNAno allows 
the construction of lattice-based designs. The construction of wireframe designs using 
caDNAno is also possible,45,52,107 however it is extremely cumbersome without the utili-
zation of additional tools like k-router108 or recent versions of the DAEDALUS  software 
suite.102–104 The most convenient way to produce off lattice designs is to use Tiamat and 
vHelix.91,100  
During the DNA origami structure design, assumptions are made on the optimal place-
ment of crossovers and junctions for a desired structure configuration.44,101 The discrep-
ancy between these assumptions and the actual preferred confirmation of the DNA mol-
ecule can result in high tension in the assembled structure and thus in a curved design 
or low assembly yield. Top down approaches as vHelix and DAEDALUS avoid this prob-
lem by running fitting algorithms optimizing the location and length of the DNA helices to 
match a given shape. For other approaches like caDNAno and Tiamat this has to be 
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done manually. Further on it is possible to construct bent structures as shown in              
Figure 1-10 B by deliberately offsetting the optimal crossover positions.46  
The most reliable way to analyze a designed DNA nanostructure is by cryo-electron mi-
croscopy. However, due to the extreme complexity of the method and the limited availa-
bility of the equipment, in silico structure simulation packages can be utilized. Most DNA 
structures like DNA origami are very complex systems including more than 400,000 in-
teracting atoms. Therefore, fully atomistic molecular dynamics simulations of these com-
plexes are extremely time consuming109 and not accessible during the design process. 
However, they allow to retrieve most accurate data about the in situ structure and dy-
namics of the analyzed system109 as well as to study interactions of DNA objects and 
other systems like lipid membranes.110 Several coarse-grained models of DNA exist 
overcoming the mentioned complexity problem, most widely used are CanDo111,112 and 
oxDNA.113–115 CanDo structure prediction is based on finite-element-based modeling ap-
proach with single base-pair resolution. OxDNA is an extensible simulation and analysis 
framework. It natively supports simulations of DNA, RNA and is coarse-grained to the 
nucleotide level as well. Both tools use an implicit solvent model, further simplifying the 
calculations. OxDNA was used to model some of the structures presented further on in 
this thesis. 
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 Motivation and objectives 
DNA nanotechnology enables the construction of almost any desired shape. At the start 
of this thesis, the most explored construction motif in the field were compact lattice-based 
DNA origami structures (Figure 1-10 B). While providing great control over the position-
ing of functional elements, most of these structures are not compatible with typical bio-
logical buffer conditions.116 Another limitation of these designs arises from the limited 
length of the scaffold molecule, making most of the individual compact origami structures 
relatively small objects, rarely exceeding 60x90 nm.  
The aim of this thesis was to explore the hollow wireframe design to construct material 
efficient structures. With the inclusion of triangles as the basic unit, the aim was to con-
struct structures that were resistance shear forces.90 Another advantage of wireframe 
designs is a better compatibility to biological buffer conditions.117 To maximize the mate-
rial usage, the assembly of structures utilizing just a single DNA double helix per triangle 
edge is explored in this dissertation. In Chapter 3, the DNA origami method is extended 
to produce a series of triangulated wireframe truss structures and a software package to 
aid in the design process of these structures is presented. 
In parallel to DNA origami, ssDNA tiles are another robust method to produce mega-
Dalton sized fully addressable DNA shapes.50 In contrast to DNA origami this method 
allows to explore the optimal construction motif with full control of the utilized sequence 
as the structure is composed entirely of short synthetic oligonucleotides. In Chapter 4, 
the ssDNA tiles method is extended to produce structures similar to the ones presented 
in Chapter 3 and an optimal construction motif is determined. 
During the development stage of a new DNA origami structure a lot of money is spent 
on the chemically synthesized staple oligonucleotides. In Chapter 5, a cost-effective 
prototyping method for the construction of DNA origami wireframe truss structures is 
introduced. This is achieved through the DNA-polymerase assisted gap filling of de-
signed single-stranded gap regions on the DNA origami structure. This approach also 
explores the mechanical transformation of DNA origami structures induced by the gap-
filling reaction.
 
20 
 
 Design and Synthesis of Trian-
gulated DNA Origami Trusses 
The work presented in this chapter is published and the text was adapted with permission 
from American Chemical Society ref. [A], Copyright (2016). The sTEM imaging was per-
formed by Nayan P. Agarwal, a former member of the group of Dr. Thorsten-Lars 
Schmidt at the Center of Advancing Electronics Dresden, TU Dresden. 
 Introduction 
The field of DNA nanotechnology has opened the possibility to construct almost arbitrary 
structures on the nanoscale out of DNA.19,118–120 One of the most versatile, popular, and 
robust construction methods is DNA origami.44,45 
Providing stiffness to such DNA origami structures is achieved most of the time by bun-
dling multiple DNA helices into tightly packed lattices, where all double helices are par-
allel.121 Most commonly, 4−48 helices are arranged in square or hexagonal lattices. This 
approach produces “solid” compact DNA structures and is very material inefficient except 
where solid structures are required. Triangles, being the only geometrical primitive intrin-
sically resistant to shearing forces are particularly suitable to construct stiff and material 
efficient hollow structures both on the microscopic and macroscopic scale.122 This light-
weight construction principle can for example be found in construction cranes, high-volt-
age transmission towers, or the Eiffel tower. In nanoengineering, DNA origami44,45 as 
well as scaffold-free single-stranded tile/brick30,50,51 approaches were already used to 
construct wireframe structures.28,48,52,117,123–130 Structures produced from a minimal repet-
itive tile set are not uniquely addressable at each point and most of the time are consid-
erably smaller than DNA origami structures. Most origami wireframe structures on the 
other hand so far only consist of one polyhedron and edges consist of multiple helices, 
making them less material efficient. In this work, we aim to apply triangulation as one of 
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the most successful construction principles in the macroscopic world to construct trian-
gulated trusses with hundreds of edges. 
As for all DNA origami structures using a circular scaffold, a “Eulerian path” that visits 
each edge of a given graph (in this case each double helix) needs to be found for the 
scaffold strand. For conventional multihelix origami structures this edge is traversed by 
the scaffold several times. To be maximally material efficient, each edge of the graph (or 
the structure in this case) should consist of only one DNA helix and not more for our 
designs similar to the construction of arbitrary triangulated meshes recently 
demonstrated by Benson et al.91 Our approach and results are compared in detail with 
Benson’s further below. 
 Results and Discussion 
3.2.1 Design  
Typically, DNA origami structures are designed in caDNAno, a freely available software, 
which is optimized for parallel multihelix structures with hexagonal or square lattice cross 
sections.101 The software is however ill-suited to directly design wireframe structures as 
the native interconnects between parallel helix bundles cannot be used to connect the 
edges.  
For this purpose, we developed a program to quickly select any continuous scaffold path 
through the structure in a graphical user interface on a planar triangulated grid. The basic 
design process is summarized in Figure 3-1 and the path selection program is described 
in Figure A 1-1. The path selecting program generates a caDNAno file, which is used to 
produce the staple strand sequences in caDNAno. This facilitates exchange of designs 
with users familiar with the quasi-standard caDNAno and downstream design modifica-
tions, for example, the design of overhangs for attaching functional elements such as 
inorganic nanoparticles or proteins. 
3.2 Results and Discussion  
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Figure 3-1. Schematic design process of the triangulated structures. (1) A scaffold path 
is defined and reproduced using a custom-written path selecting program (2). (3) The 
program can generate a caDNAno file. (4) The design can be further processed in 
caDNAno, staple strand sequences are automatically created by caDNAno. 
As example structures, we assembled a flat truss structure that we used as the basis of 
three-dimensional tetrahedral, octahedral, or irregular dodecahedral trusses. The flat 
“basic structure” (Figure 3-2 A, D) is composed of 38 triangles in the first row, 40 in the 
second row, and 20 in the third row. 
The scaffold path displayed in Figure 3-2 A was chosen to form six-arm junction motifs 
where the scaffold path adopts a 60° angle at every vertex. (Figure 3-2 B) In contrast to 
the classic six-arm junction designed by Wang et al.,25 the arms are connected by flexible 
3-nucleotide (nt) spacers both for the staple and the scaffold strand. Moreover, all 6-arm 
junctions are part of interconnected triangles and therefore a planar arrangement is en-
forced where opposing arms are separated by approximately 3 nm. Therefore, it seems 
unlikely that helices within the 6-arm junctions can stack (Figure 3-2 B). The edges con-
sist of 37 base pairs corresponding to 3.5 helical turns (12.4 nm) that is well under the 
persistence length of double-stranded DNA (50 nm). Edges can therefore be considered 
straight.  
Each staple strand is typically 40 nt long and has three domains, the 3 nt spacer, a 12 
nt, and a 25 nt hybridization domain. These domains bind to neighboring edges of the 
six-arm junction as shown in Figure 3-2 C. We chose asymmetric lengths of the staple 
strand domains to enable a two-step folding process where the staple strands first bind 
with their 25 nt domains to the scaffold and the 12 nt domains hybridize at lower temper-
atures. With these design parameters, the dimensions of the flat structure displayed in 
Figure 3-2 D are 327 × 43.2 nm. 
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3.2.2 Nomenclature and parameters of the tube structures 
These flat truss structures can be rolled into a three-dimensional tube-like configuration 
in several ways to form different trusses by connecting the top and the bottom row of 
triangles with appropriately designed staple strands (Figure 3-2 E−G). The three possible  
 
Figure 3-2. Design of the triangulated DNA trusses. (A) Scaffold strand routing. (B) The 
6-arm junction. Each edge consists of two hybridization domains of 12 and 25 nt, respec-
tively and each staple connects two edges over a 3 nt long single-stranded (ss) spacer. 
The scaffold strand is blue and staple strands are colored. (D) Basic flat triangulated 
truss structure and (E) tetrahedral-truss: Connect A-1, B-2 until T-20. (F) Octahedral 
truss: Connect B-1, C-2, ···, T-19. (G) Dodecahedral truss: Connect C-1, D-2, ···, T-18. 
(E−G) Right: View along the central axis of the tube structure. The gray spheres repre-
sent vertices of a generative polyhedron, the numbering is adopted from the nomencla-
ture by Erickson.131 
trusses consist of repeating tetrahedra, octahedra, or irregular dodecahedra (corner ver-
tices of one of the repeating polyhedra are marked as gray spheres). For such structures, 
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a nomenclature was developed by Erickson131 in which the tetrahedral truss corresponds 
to (1, 2, 3), the octahedral truss to 3(0, 1, 1) and the dodecahedral truss to (1, 3, 4). 
A tetrahedral truss (1, 2, 3) can be formed by interconnecting vertex “A” with vertex “1” 
(connection A-1), B with 2 (B-2), and so forth until T-20. These connections can either 
be formed when bending the upper and lower edges of the flat base structure (Figure 
3-2 D) into the plane of paper or out of the paper, which results in the formation of either 
a right-handed or a left-handed tetrahedral truss. The resulting truss is composed of 58 
tetrahedra (Figure 3-2 E) and the expected length is around 296 nm. For the work pre-
sented here, we did not implement a mechanism to control the chirality (possible options 
are discussed below), nor could the chirality be unambiguously observed by imaging 
(Figure 3-4 B). 
 An octahedral truss 3(0, 1, 1) is achieved by connecting B-1, C-2, ···, T-19. It is com-
posed of 18 adjacent octahedra (Figure 3-2 F) and its expected length is 246 nm. This 
design is C3 symmetric in respect to the long central axis of the truss and does not 
possess a global helicity. 
A dodecahedral truss (1, 3, 4) can be formed by interconnecting C-1, D-2, ···, T-18. This 
structure can have two chiralities just as the tetrahedral truss depending in which direc-
tion the folding occurs. It is composed of 15 irregular dodecahedra (Figure 3-2 G) with 
an estimated length of about 235 nm. 
Staple sequences and caDNAno design files are provided in the Supporting Information 
(available online at https://doi.org/10.1021/acs.nanolett.6b00381) and structural proper-
ties of the structures are summarized in Table 1. 
Table 1. Structural Properties of Designed Trusses. 
 
 Truss Length Width Height Number of complete units  
1 flat 300 nm 39 nm 2 nm 98 triangles 
2 tetrahedral 267 nm 15 nm 15 nm 58 tetrahedra 
3 octahedral 234 nm 17 nm 17 nm 18 octahedra 
4 dodecahedral 217 nm 19 nm 19 nm 15 irregular dodecahedra 
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3.2.3 Gel electrophoreses analysis 
All four truss designs were folded by slow annealing and purified by native agarose gel 
electrophoresis (Figure 3-3). All designs form one clean product band as the main prod-
uct that is well separated from the more slowly migrating misfolded structures and multi-
mer/aggregate bands. The aggregate formation can most likely be attributed to intermo-
lecular interactions between two or more origami structures that are an inherent side-
reaction of the intramolecular rolling-up process. The sharp gap between the main prod-
uct and the multimer bands supports this assumption, as partially misfolded individual 
structures typically result in a continuous slower migrating smear above the main product 
band. The yields of the structures were 82% for the flat truss, 38% for the tetrahedral, 
34% for the octahedral, and 69% for the dodecahedral truss (determined from gel elec-
trophoreses image, Figure 3-3 A).101 
 
Figure 3-3. (A) Fluorescence scans of the triangulated truss designs after agarose gel 
electrophoresis. Trusses were formed from the p8064 scaffold. Product bands are 
marked by arrows, misfolded and aggregated structures are labeled misfolded. Lane 1 
and 6, 1 kb marker. Lane 2, tetrahedral truss (T). Lane 3, octahedral truss (O). Lane 4, 
dodecahedral truss (D). Lane 5, flat truss (F). (B) Folding of the dodecahedral truss at 
different MgCl2 or NaCl concentrations. The dark lower bands contain the excess of 
staple strands. 
The dodecahedral truss shows the best yield within the circularized trusses and the low-
est amount of multimers/misfolded structures. We attribute this to a lower internal strain 
compared to the tetrahedral and octahedral trusses due to the increased diameter, thus 
facilitating tube formation. The flat truss design does not have any links between the top 
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and bottom row of triangles (Figure 3-2 D) and consequently hardly any aggregate for-
mation is observed. 
3.2.4 Imaging of the purified structures 
The product bands were excised and imaged by atomic force microscopy (AFM) and 
unpurified assembly reactions were imaged by scanning electron microscopy in trans-
mission mode (SEM). Results are shown in Figure 3-4 indicating that all the designs 
formed successfully. The measured structural dimensions are in good agreement with 
the dimensions predicted in our models. However, the measured height of the structures 
in AFM images was never above 3−4 nm corresponding to about two DNA double helices 
as three-dimensional structures are typically flattened due to the strong electrostatic in-
teractions with the surface.18 
Most parallel-bundle DNA origamis or scaffold-free single-stranded tiles50 typically re-
quire 12−18 mM MgCl2 or 1−3 M concentrations of NaCl132 to overcome the electrostatic 
repulsion of the negatively charged phosphates between adjacent helices. Some com-
pact three-dimensional scaffold free single-stranded brick structures can require even 
higher MgCl2 concentrations.51 The edges of the wireframe structures presented herein 
on the other hand only come in close proximity at the vertexes and therefore folding 
buffers with a lower ionic strength should be tolerated as in work by Ackermann et al.18 
or Benson et al.91 The gel image (Figure 3-3 B) and AFM images (Figure A 1-2) show 
that the structures reliably fold at salt concentrations as low as 2−4 mM MgCl2 or 150 
mM NaCl, which make them compatible with common biologically relevant buffer condi-
tions and therefore would not require the supplementing of cell culture media with addi-
tional divalent ions to maintain stability.116 This makes our structures interesting candi-
dates for the application of DNA nanostructures in biological or biomedical studies.  
Many laboratories have cloned different M13-derived scaffolds with inserts of varying 
length to obtain tailored lengths for specific designs.133 For all our designs here, we only 
use the consensus sequences of all common M13 clones to be able to fold a structure 
from a given staple set and any M13-derived scaffold variant.  
This facilitates the exchange of staple strand pools between different laboratories or the 
exchange of the scaffold clone itself. We folded our structures with three different M13-
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derived clones of different length (M13mp18, p7308, and p8064; 7249/7308/8064 nt 
long) with comparable results. In gel electrophoresis, all product bands migrate slower 
than the scaffold whereas most compact multihelix bundle structures have a higher elec-
trophoretic mobility. We attribute this behavior to the larger overall surface and volume 
of these wireframe structures (gel scans in Figure A 1-3). 
There are two design asymmetries that allow one to distinguish the right and left side of 
the models in Figure 3-2 E−G. The scaffold-specific sequences (89 to 904 nt) remain as 
single-stranded overhangs that can sometimes be identified in AFM images (Figure 3-4 
A, C, D, white arrows). Furthermore, a number of triangles (at the right side of Figure 3-2 
E−G) can be seen in the AFM images (Figure 3-4 A, C, D marked by green arrows). 
More images and overviews can be found in Figure A 1-4,Figure A 1-7 revealing a robust 
folding. 
 
Figure 3-4. Atomic force microscopy (AFM, top) and scanning electron microscopy im-
ages (SEM, transmission mode, bottom) of the trusses (A) Flat truss; (B) tetrahedral 
truss; (C) octahedral truss; and (D) dodecahedral truss. All scale bars are 100 nm. Green 
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arrows indicate right side of models in Figure 3-2D−G, white arrows indicate the non-
folded single-stranded scaffold. All structures were folded from p8064 except for AFM 
image (B, C) where p7308 was used. 
3.2.5 Optimizing the folding conditions 
As we chose an asymmetric design for the staples containing a long and a short domain, 
we compared our standard linear folding ramp to an isothermal assembly with a subse-
quent fast cooling ramp. We hypothesize that the long staple domains hybridize during 
the 2 h isothermal step and that the short domains hybridize during the fast (1 h) cooling 
ramp. This protocol may lead to a decrease of multimer formation because the fast an-
nealing should favor intramolecular over intermolecular reactions at high dilutions. The 
gel results (Figure 3-5) indeed suggest a slight decrease of the formation of multimers, 
and AFM images (Figure 3-5) of the excised main band show results comparable to the 
structures synthesized with the standard folding condition (Figure A 1-5). Structures as-
sembled using the “fast” folding ramp resulted in more misfolded structures (Figure A 
1-8). 
 
Figure 3-5. Results of isothermal folding of the tetrahedral truss structure. A) Isothermal 
assembly gel. Lane 1) 1kb ladder. 2) Scaffold band. 3) tetrahedral truss assembled “fast” 
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isothermal folding protocol. 4) tetrahedral truss assembled “slow” isothermal folding pro-
tocol. B) AFM image of the structures assembled using the “slow” isothermal assembly 
protocol, scale bar is 200 nm. Structures were folded using p7308 scaffold. 
3.2.6 Comparison to vHelix 
During the revision of this manuscript,108 a related paper by Benson et al. appeared that 
describes the synthesis of arbitrary triangulated meshes including the famous “Stanford 
bunny”.91 The generality of those structures is indeed very impressive, and our tubes 
presented herein could potentially be reproduced by Benson’s method. Nevertheless, 
our approach and our structures are different in several ways and may bear advantages 
for further studies. 
First, our design and design pipeline are simpler. We exclusively use equilateral triangles 
and our design does not require doubling helices in some edges as in some of Benson’s 
structures. This facilitates the design process of simple geometries for future physical 
simulations to determine structural parameters such as the persistence length. Second, 
for the most likely application, that is, to arrange structural elements such as gold nano-
particles (AuNPs) or biomolecules, our simpler structures featuring well-defined polyhe-
dral cavities may be advantageous. The center-to center distances of these cavities are 
separated by 5.1 nm (tetrahedral truss), 13.6 nm (octahedral truss), or 15.7 nm (dodec-
ahedral truss). The number of helical turns of the edge helices could easily be adjusted 
allowing a fine-tuning of cavities. Third, with our designs we have shown tubes of various 
diameters. Finally, we consistently achieve high folding yields (34−69% determined by 
agarose gel electrophoresis). High yields are important to enable potential applications. 
 Conclusions 
In summary, we have shown that triangulated trusses can be robustly folded with the 
DNA origami technique. In contrast to most other DNA origami structures, these hollow 
wireframe structures consist of only one double helix per edge and tolerate low-salt con-
ditions. By interconnecting different vertices, three different polyhedral trusses with dif-
ferent tube diameters were folded. 
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The volume-to-base pair ratio of the structures is several times higher than for traditional 
compact structures. Whereas 1 base pair in a classic 6-helix bundle occupies 1.85 nm3 
(7308 bp; h = 408 nm assuming 0.335 nm/bp; r = 3.25 nm), the volume/bp ratio in the 
tetrahedral or octahedral trusses is 11.1 and 13.0 nm3/bp for the dodecahedral truss. 
Other triangulated origami structures could easily be generated with the path selecting 
program. The structures presented here are to the best of the authors knowledge the 
simplest triangulated structures consisting of multiple combined polyhedra. 
 Methods 
3.4.1 Standard DNA origami assembly reaction.  
To create a 50 µl assembly reaction of a DNA origami truss structure, 12.5 µl of the 
corresponding staple mix (400 nM each) were mixed with 5 µl of 10x folding buffer (FB) 
(120 mM MgCl2 50 mM Tris EDTA pH8.0), 5 µl scaffold (100 nM) and 27.5 µl of millipore 
water.  
Standard folding ramp. 
80 °C for 1 min; -1 °C/min to 65 °C; -1 °C/20 min to 20 °C; 4 °C until further workup. 
“Fast” isothermal folding ramp.  
80 °C for 1 min; 57 °C for 2 h; -1 °C/s to 4°C until further workup. 
“Slow” isothermal folding ramp. 
80 °C for 1 min; 57 °C for 2 h; -1 °C/min to 4°C until further workup. 
3.4.2 Gel purification. 
Gel purification is performed using a 1.5% agarose gel with 12.5 mM MgCl2. in 0.5X TBE 
Buffer (VWR) at room temperature and 50 V. 50 µl of sample are mixed with 10 µl of 6x 
loading dye (LD) (Fisher/Invitrogen) before loading into the gel. 4 µl of 1kb DNA Ladder 
(Fisher/Invitrogen) and 2 µl of scaffold (100 nM scaffold, 1x FB, 1x LD) are added as 
reference. The product bands are excised from the gel and extracted by Freeze’n 
Squeeze spin columns (BioRad) at 1000 rcf for 5 minutes. The flow-through containing 
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purified origami structures is stored at 4 °C before imaging. Imaging is performed using 
liquid AC mode AFM (Cypher S/ES), and TEM (Zeiss Libra 120), SEM (Zeiss Gemini 
500). The yield was estimated as the percentage of the fluorescence intensity of the 
product band over the fluorescence of the entire material in a lane (staple strands ex-
cluded). The images were analyzed using ImageQuant (Thermo Fisher), according to 
the protocol described by Douglas.101 
3.4.3 AFM sample preparation. 
70 µl of binding buffer (100 mM NiCl2, 5 mM Tris*HCl pH 8.0) solution are placed on a 
freshly cleaved mica plate and incubated for 10 minutes. Afterwards the plate is rinsed 
with ultrapure water and dried in a stream of compressed air. Using a permanent marker, 
a circle of 2-3 mm radius is drawn in the center of the plate. 2 µl of sample are added 
inside the circle and incubated for 30 seconds. Afterwards, 70 µl of 1x FB are added and 
the sample is scanned using silicon nitride tips (Olympus bio lever mini). Amplitude set-
point 50 - 200 mV; typical resonance frequencies in buffer: 19 kHz; scanning frequency 
0.5 – 2 Hz.  
3.4.4 TEM sample preparation.  
To prepare the tSEM sample, a carbon grid (Cu – Formvar grid 3.05 mm, 400 mesh, 
Plano/Germany) is plasma etched for 30 seconds. Then 2 µl of the sample eluted from 
the gel are applied to the grid and incubated for 5 minutes. The grid is dried by carefully 
touching the side of the grid with a folded paper wipe. Then a drop 10 µl of freshly pre-
pared 2% uranyl formate / 10 mM NaOH solution is applied. After 30 s, the sample is 
dried with a wipe. 
3.4.5 Instructions for mixing the staple sets.  
The different structure designs where generated with the help of the path routing soft-
ware (Figure A 1-1) and caDNAno. caDNAno (v 0.9) was then used to generate the 
staple strand sequences, which were ordered from Eurofins Genomics (Supporting file 
staple list available online at https://doi.org/10.1021/acs.nanolett.6b00381) as High pu-
rity salt free material. The staples where grouped into the following categories CA – com-
mon for all structures, ABF – all but flat, ABFD – all but flat for the dodecahedral-truss 
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design, UF – unique to flat, UT – unique to the tetrahedral truss T, UO – unique to the 
octahedral truss, UD – unique to the dodecahedral truss. The staple mixtures for the final 
designs are than constructed by mixing the staples in the sets at equimolar ratio as fol-
lows: 
𝑇 =  𝐶𝐴 +  𝐴𝐵𝐹 +  𝑈𝑇, (𝑇ⅇ𝑡𝑟𝑎ℎⅇ𝑑𝑟𝑎𝑙 𝑡𝑟𝑢𝑠𝑠, 𝑇) 
𝑂 =  𝐶𝐴 +  𝐴𝐵𝐹 +  𝑈𝑂, (𝑂𝑐𝑡𝑎ℎⅇ𝑑𝑟𝑎𝑙 𝑡𝑟𝑢𝑠𝑠, 𝑂) 
𝐷 =  𝐶𝐴 +  𝐴𝐵𝐹𝐷 +  𝑈𝐷, (𝐷𝑜𝑑ⅇ𝑐𝑎ℎⅇ𝑑𝑟𝑎𝑙 𝑡𝑟𝑢𝑠𝑠, 𝐷) 
𝐹 =  𝐶𝐴 +  𝑈𝐹, (𝐹𝑙𝑎𝑡 𝑡𝑟𝑢𝑠𝑠, 𝐹)  
The staple mixtures were prepared to contain 400 nM of each staple.
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 Triangulated wireframe struc-
tures assembled using single-
stranded DNA tiles 
The work presented in this chapter is published and is adapted with permission from    
ref. [B]. Copyright (2019) American Chemical Society. Nayan P. Agarwal performed 
some of the discussed experiments and performed sTEM imaging and statistical analy-
sis, Foram M. Joshi performed the initial experiments and designed the initial structures 
as well as writing parts of the HexTiles software. Erik Poppleton and Petr Šulc helped 
with the setup and interpretation of molecular dynamics simulations. Nayan P. Agarwal 
and Foram M. Joshi are former members of the group of Dr. Thorsten-Lars Schmidt at 
the Center of Advancing Electronics Dresden, TU Dresden. 
 Introduction 
Advances in DNA nanotechnology have paved a reliable bottom-up path for the con-
struction of nanoscale shapes and devices using DNA motifs.19,134–137 DNA structures 
can be used to arrange a wide variety of materials, allowing to explore applications in 
photonics,86,138,139 biophysics,140–142 crystallography,32,58,143 molecular biology,144 and na-
nomedicine.145 The two most common methods to produce addressable 2D and 3D mega 
Dalton size structures are: DNA origami,44,45 and single-stranded tiles (SSTs), which, for 
three-dimensional structures, are also referred to as single-stranded bricks 
(SSBs).50,51,146 DNA origami structures are folded using a long single-stranded DNA (usu-
ally the genome of the M13 bacteriophage) called the “scaffold strand” into the desired 
shape with the help of short synthetically produced oligonucleotides. The DNA origami 
method is preferred by many researchers over SST because the structures typically fold 
very robustly and with greater yields (> 90%) than the SST or SSB structures of compa-
rable sizes.135 Moreover, the design process is suitable even for beginners when using 
the standard computer-aided design tool caDNAno.101 
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Nevertheless, SST and SSB structures can have several advantages over DNA origami. 
There is full control on the used DNA sequences and there are no limitations on exploring 
the interaction motif space of the DNA molecules,147 whereas scaffold sequences are 
usually biologically determined. The design process of DNA origami can be more com-
plex than for SST or SSB structures as it is necessary to find a suitable scaffold strand 
routing path throughout the DNA origami structure, which can influence folding pathways 
and yields.148 Next, many synthetic oligonucleotides are necessary in order to fold the 
common and commercially available scaffolds, making the synthesis of full-sized struc-
tures expensive, unless enzymatic gap filling is used.149 Finally, when working with com-
mercially available staple strands and scaffold strands, the price of DNA origami struc-
tures is dominated by the price of the scaffold strand (Figure A 2-1). For applications that 
require large-scale synthesis, such as nanomedical applications, scaffold strands can be 
produced in-house, which reduces costs significantly. Recently, a specialized and labo-
rious procedure was employed to scale up both scaffold and staple strand production to 
the gram-scale with biotechnological methods.150 For many laboratories it is however 
more cost-and time efficient to purchase scaffolds. 
SST structures, on the other hand can be scaled up easily with hundreds to thousands 
of chemically synthesized components, without a scaffold from a biological source.151 
This also enables the utilization of chemically modified strands for tracking and stabiliza-
tion.152–154 Such modified DNA structures can be exposed to biologically relevant condi-
tions for longer times than the conventional DNA origami structures without employing 
additional protective strategies.116,155,156 Another advantage of SST and SSB designs is 
the ease of designing infinite, crystalline structures.146,157 
This feature was utilized to study the biophysical properties of DNA structures,16 as well 
as for the construction of accurate model systems to study semi-flexible polymer net-
works.80,158 It has also been shown that these structures can be used to mimic biologically 
relevant propulsion mechanisms like flagella.159 
Traditional DNA origami, SST and SSB structures rely on the compact arrangement of 
parallel “solid” DNA double helices either on a square or hexagonal lattice.121 More re-
cently, wireframe structures, consisting of a hollow mesh of geometric primitives are 
gaining interest.48,91,94,102,108,122,160,161 This construction principle decreases the material 
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to volume ratio compared to a compact lattice based design. A subset of these DNA 
origami structures, where the edges of the mesh  
consist of a single DNA double helix and the mesh tiling is composed of triangles, has 
shown robust assembly and increased resistance to low salt buffers.91,102,108 Another 
property of these structures is greater structural stability, as triangles offer higher intrinsic 
shear force resistance as opposed to other geometric primitives.90 However this con-
struction principle is not yet adapted for SST designs. 
In this work, we have expanded the design space of SST structures to utilize equilateral 
triangles as the building block. The robustness of this method was demonstrated by the 
assembly and characterization of four finite structures, as well as a number of 1D crystal 
structures. A mechanism to control the crystal growth was also explored and a general 
computer-aided design pipeline for the construction of these structures is presented. Ad-
ditionally, coarse-grained molecular dynamics simulations were performed to get a 
deeper insight in the observed structural behavior of the structures.  
 Results and Discussion 
4.2.1 Designing the structures 
For the production of the designs, we have developed “Hex-Tiles” (Figure 4-1 a), a soft-
ware package specifically designed for the construction of triangulated wireframe SST 
structures. Existing free-form DNA construction tools such as Tiamat,100 Uniquimer3D or 
vHelix are either not specifically build for the construction of uniform wireframe lattices 
with a repeating SST motif or do not offer an elegant way to manage the produced DNA 
sequences.91,162 In HexTiles, the user is presented with a virtual canvas (an imaginary 
plane, tiled by the motif) on which the desired triangles of a structure are selected with 
the mouse. Similar to the classical SST,50 two types of oligonucleotides were used in the 
triangulated SSTs design: core and edge strands (Figure 4-1 b-c). All strands have three 
domains of 11, 11 and 10 nucleotides (nt) respectively instead of four interacting domains 
in the widely used SST designs.50 All edges of the triangles consist of three helical turns 
of DNA (32 base pairs). 
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Figure 4-1. Design pipeline, nomenclature and product yield estimation of triangulated 
single-stranded tile structures. (a) A representative test structure is constructed and re-
produced on the virtual canvas of the computer-aided design tool called “Hex-Tiles” (Fig-
ure A 2-2). (b) The nomenclature of the structures is decided by the number of rows and 
columns that constitute them. In the example, the structure is called “3R2C” as it is com-
posed of three rows and two columns. (c) The oligonucleotides that make up the triangle 
have 3 interacting domains of 11, 11 and 10 nt, respectively as well as a variable-length 
spacer (either 0, 1, 2 or 4 nt). (d) Agarose gel electrophoresis results of four test struc-
tures (3R2C, a rhombus, a tube and a ring (compare Figure 4-3), with different spacer 
lengths. The atomic force microscopy (AFM) micrograph to the right shows the 4 nt 
spacer version of 3R2C extracted from the red rectangular region marked on the gel. 
Scale bar: 50 nm. (e) Product yields were determined for all the different structures using 
ImageJ software. 
After the designing process is finished, the program generates the oligonucleotide se-
quences necessary to form the desired design. The sequences are generated randomly 
with no constrains. As typical SST designs require hundreds of oligonucleotides, the pro-
gram also generate a list with the distribution of the newly generated sequences across 
96-well plates, differentiated between plates containing core strands and edge strands. 
This information is included in the design file, thus simplifying the ordering and pipetting 
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of the SST structures (discussed in more detail in Figure A 2-2). Existing designs can be 
easily modified, thus facilitating the reuse of the existing strand sequences. 
4.2.2 Synthesis of test structures 
To test the design pipeline, we designed a test structure consisting of three rows and two 
columns (3R2C, see Figure A 2-5 for nomenclature) with different spacer lengths (0, 1, 
2 and 4 thymidine (T)) at the vertices connecting two edges (Figure 4-1 c). We observed 
that no structures formed in the 0-T case (Figure 4-1 d). This can potentially be attributed 
to undesired stacking interactions between adjacent DNA helices that form the arms of 
the 6-arm junctions during the assembly process or due to the accumulation of geometric 
strain.25 Very little product (<10%) was observed when a spacer of one thymine base 
was introduced, indicating that even with the introduction of an extra base, the hypothe-
sized stacking or geometric strain are still prominent. 
The introduction of a spacer of two or four thymine bases resulted in the formation of the 
desired product with an improved yield (~20% and ~50% of the total lane intensity, Figure 
4-1 e). Increasing the spacer length further is unlikely to increase yields significantly, as 
hardly any aggregates that limit the folding yields, were visible in the gels anymore for 
the 4-T spacer structures (Figure 4-1 d). Furthermore, longer spacers would render the 
structures overly flexible, which reduces their potential to precisely position functional 
elements. 
The correctly assembled structures were also visible on the atomic force microscopy 
(AFM) micrographs (Figure 4-1 d (inset), Figure A 2-6). Best synthesis yields were ob-
served for a spacer length of 4 nt (48%; Figure 4-1 e) and we hypothesized that an 
increased spacer length effectively prevents stacking and offers more conformational 
freedom, facilitating the product assembly.  
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4.2.3 Molecular dynamics simulations of 6-arm junctions 
To gain further insights into the conformations adopted by the 6-arm junctions that com-
prise the 3R2C structures, we performed molecular dynamics simulations with the 
oxDNA model,113–115 a coarse-grained model that represents each nucleotide as a single 
particle with multiple interaction sites. The model is parametrized to reproduce mechan-
ical, structural and thermodynamic properties of DNA, and has been successfully applied 
to a wide range of systems in DNA biophysics and nanotechnology. Where available, 
quantitative agreement with experimental measurements was obtained.163–165 
We simulated junctions with varying spacer lengths from 0 to 4 thymidines. We observed 
qualitatively different behaviors for the 6-arm junctions with 0 spacers when compared 
to the junctions with 1 or more spacers. Typical configurations of simulated junctions with 
0 spacers are shown in Figure 4-2 a and Figure A 2-4 a. The arms of the junction have 
a preference to form a continuous duplex through base-stacking interactions originating 
at the junction. The junction itself dynamically switches between different states, where 
a given arm preferentially stacks with one of its neighboring arms. This can be seen in 
the free-energy profile that shows a minimum at around 160 degrees for the neighboring 
arms (Figure 4-2 a). We also observed that junctions with 0 spacers rarely adopt a planar 
conformation, with all the arms in the same plane, as that would require breaking of the 
stacking interactions. This observation would explain the experimental data, where no 
3R2C structures were formed for the 0-spacer design. 
In contrast, 6-arm junctions with 1 or more spacers are more flexible and we do not 
observe a stacked conformation linking two neighboring arms. However, the angles be-
tween selected pairs of junction arms are correlated, with a preference for angles of 60 
and 160 degrees between next-nearest neighbors and 140 degrees with the opposite 
arm for the 1 nt spacer junction (Figure 4-2 b). 
Even though the alternative conformations of the 6-arm junctions are separated by only 
a small difference in ΔG in our model, large structures contain many of such junctions 
and during the assembly, the likelihood of errors coming from non-planar hybridization 
of new strands increases with the number of participating junctions. Therefore, we think 
that even small energy differences in individual junctions can affect the assembly yield, 
as they will accumulate in a larger structure. 
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Figure 4-2. Coarse-grained molecular dynamics simulations using the oxDNA model of 
the 6-arm junctions with varying spacer lengths from 0 to 4 thymidine (T) bases (a) to 
(d). The left column illustrates the snapshots of typical configurations from simulations, 
along with a schematic 2D diagram visualizing the positions of the 6-arms. Solid lines 
depict arms in the plane while dashed or pointed lines represent arms out of the plane. 
For all junction variants simulations of 11 µs duration were performed (see Figure A 2-3 
and trajectory animations 1-4 available online https://doi.org/10.1021/acsnano.8b08009 
for example trajectories), 40 replicas were run per junction. The right column shows the 
free-energy landscape (obtained by Boltzmann inversion) as a function of angle between 
the different pairs of arms depicted in the 2D diagram (the reference orientation is de-
picted in Figure A 2-4 e), of the junction thus illustrating the preferred conformation of the 
arms of the junction. Detailed description of the simulation is provided in 0. 
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4.2.4 Assembly of the finite structures  
Based on these results we further optimized the assembly process for structures having 
either two or four nucleotide spacer in the core strands. We designed three more test 
structures: a rhombus, a tube, and a ring. These structures were assembled at 12 mM 
MgCl2 and a slow annealing ramp of 16 h (Figure 4-3 a; wide-field tSEM micrographs 
Figure A 2-7 to Figure A 2-12). All structures form with good yield (Figure 4-1 e). The 4 
nt spacer introduction is particularly favorable for the rhombic and the ring structure, in-
creasing the folding yield of the structures two times. For the tube structure a smear is 
observed across the entire gel lane area for both the 2 nt and 4 nt spacer design indicat-
ing the formation of undesired multimer structures (distinct dimer and trimer bands can 
be observed) (Figure 4-1 d). 
To verify the geometry of the assembled structures, we calculated the ratio of two adja-
cent side widths of the rhombus structure on transmission electron micrographs using 
ImageJ (Figure A 2-13 and Figure A 2-14). In agreement with a rhombus having all the 
sides of equal lengths, the assembled structures have the mean distribution of this ratio 
centred around one (Figure A 2-15). From the histograms for the side length distribution 
from the same set of measurements, it can be observed that the 2 nt spacer structure on 
average has a smaller side length and is less flexible than the 4 nt spacer design (Figure 
4-3 b-d).  
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Figure 4-3. Structural analysis of the Rhombus, Tube and Ring structures. (a) 3D models 
and representative tSEM micrographs of the three finite test structures assembled with 
either a two or four thymine spacer (Wide-field tSEM micrographs Figure A 2-7 Figure A 
2-12). Scale 50 nm. (b) Histogram of the structure width distribution and the angular 
distribution (c) of the Rhombus structures measured along the sides (inset) for 2 nt (blue) 
and 4 nt (red) spacer structures (see Figure A 2-13 - Figure A 2-15 for measurement 
details). (d) Average 6-arm junction gap width was calculated using the mean values of 
the width distribution. 
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4.2.5 Influence of salt concentration and folding times 
The yield of the structures containing a 4 nt spacer using MgCl2 buffers was always 
slightly better than for the 2 nt spacer version (Figure A 2-16). As opposed to compact 
3-dimensional structures SSB structures,157 which require high salt concentrations, the 
hollow wireframe structures fold even in physiological salt concentrations. Maximal as-
sembly yield is achieved when buffers containing ~300 mM NaCl are used                        
(Figure A 2-16). We attribute this to a reduced aggregation tendency of DNA structures 
with monovalent cations compared to divalent cations, as divalent cations are facilitating 
the formation of salt bridges between adjacent DNA structures.166 
In contrast to their DNA origami counterparts presented previously,91,108,149 the triangu-
lated SST structures assemble with higher yields in higher salinities (300 mM NaCl com-
pared to ~150 mM). We hypothesize that a stronger stabilization by salts is necessary 
due to reduced cooperativity and the lack of the templating scaffold strand. Moreover, all 
domains are only 10-11 nt long, whereas most origami designs contain also longer do-
mains. Nevertheless, structures are also stable at physiologically relevant conditions 
(Figure 4-4). Extending folding times from 16 h to 168 h did not improve the yield signif-
icantly (Figure A 2-17).  
 
Figure 4-4. Fluorescence scan of the rhombus (4R4C) 4 spacer design after agarose gel 
electrophoresis (AGE) assembled in buffer containing different MgCl2 or NaCl concen-
trations. The product band is denoted by an arrow. The structures fold at physiological 
conditions (150 mM NaCl). 
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4.2.6 Molecular dynamics simulations of the rhombus structure 
To further understand how the additional flexibility added by the spacers in the 6-arm 
junctions influences the flexibility of the rhombus, we simulated the assembled structure 
using the oxDNA model with 0, 1, 2 and 4 nt long spacers (see 0 for details). The calcu-
lated mean structures of all designs show a preferential curvature (Figure 4-5), which is 
maximal for structures without spacers. This indicates that breaking the stacking interac-
tions may not be sufficient to assume a planar conformation and further supports the 
hypothesis of the accumulation of strain. The reduced global curvature for longer spacers 
may also contribute to the higher assembly yield (Figure 4-1 e). 
 
Figure 4-5. Coarse-grained molecular dynamics simulations using the oxDNA model of 
the rhombus structures with varying spacer lengths from 0 to 4 thymidine bases. (a) Top 
view of the mean Rhombus structures with spacers ranging from 0 to 4 nt. The plotted 
structure shows the position of centers of mass of the average structure, obtained from 
averaging over 37 000 simulated states. Coloring corresponds to the mean deviation 
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from the mean position for every base in the simulated structure. (b) Combined side view 
of the modelled structures, showing distinct curvature. See Supporting trajectory anima-
tions 5-9 for representative trajectories of the simulated structures. (available online 
https://doi.org/10.1021/acsnano.8b08009) 
4.2.7 1D SST crystals 
Another advantage of using SST structures is the ease of designing crystalline struc-
tures. Several design strategies have been explored and amongst them, the tubular de-
sign is prominent.79,136 So far, nanotubes have been assembled from monomers with 
controllable circumferences, diameters and stiffness.124,146,167–169 Furthermore, the activ-
ity of these monomers and other constituting components can also be controlled using 
cascade strand-displacement strategies.170 Recent work of Schulman and workers, 
demonstrate a similar approach where the geometry of the nanotubes was controlled by 
introducing junction-seed structures to the assembly.171 This approach allows to create 
higher order two- or three- dimensional structures.  
In this work we also explored 1D SST crystals through making parts of the structure self-
complementary (Figure 4-6 a-c). The 6-arm junction motif used for the assembly of the 
structures in this work is intrinsically flexible due to the spacers. Therefore, the intramo-
lecular tube formation is favored over the formation of flat ribbons (Figure 4-6 d-e). As in 
Chapter 3 a number of possible connections of the basic ribbon is explored. Domain 1 
(Figure 4-6 a) can be made complementary to either domain A, B, C or D, resulting in 
different tubes. Both 4-row and 3-row designs were tested. For example, Figure 4-6 d 
shows 3TB-4T, a 3-row tube, where domains 1 and B are made complementary and with 
4T-spacers (Figure 4-6 d, Figure A 2-5). In all cases, no distinct product band was ob-
served on AGE other than a hanging lane at the pocket (Figure A 2-18) indicating that 
most of the resulting reaction products are too large to enter the gel. tSEM micrographs 
reveal long tubes and a varying amount of undefined aggregates (Figure 4-6 d-f, Figure 
A 2-19 to Figure A 2-32).  
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Figure 4-6. One-dimensional crystal formation using the triangulated SST approach. (a) 
As explained in more detail in Figure A 2-5, the tube crystal name is composed of the 
number of triangle rows and the connectivity of the first top column of oligonucleotides. 
(b) Self-complementary edges lead to formation of an infinite 4TA crystal. (c) As the 6-
arm junction used in the designs is flexible, once a complete column is formed, polymer-
ization continues only in the lateral direction. Representative tSEM micrograph of (d) 3TB 
structure with a 4 nt spacer; (e) 4TC structure with a 2 nt spacer; (f) 4TD structure with 
a 4 nt spacer. Inset represents the zoomed-in version of the selected area in the red 
circle. Scale for all micrographs = 250 nm, for inset = 50 nm. (g) Summary of the ob-
served average length of the tubular structures (at least 49 structures were taken for 
each measurement, for the exact numbers see Figure A 2-19 to Figure A 2-32). 
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Interestingly, longer tubes were formed when the spacer length was 4 nt, with the longest 
tubes observed in the case of the 3TA structure, which corresponds to a tetrahedral truss 
(Figure 4-6 g, Figure A 2-19 and Figure A 2-20). We hypothesize that compared with the 
2 nt spacers, increasing the spacer to 4 decreased the strain in the structures, leading 
to a smaller energetic barrier for the polymerization interactions. On the other hand, flex-
ibility of tubes with self-complementary ends can also lead to the formation rings, which 
is entropically favorable due to the high local concentration of reactive ends. In the im-
ages, frequently ring formation is also observed. This additional flexibility is most likely 
also the reason for higher number of circularized tubes for the 4 nt spacer tube crystals 
(Figure A 2-33). 
4.2.8 Controlling the crystal growth 
Many of the observed tube crystal structures show a great amount of uncontrolled ag-
gregates. To counter this problem, we were inspired by a recent approach proposed by 
Schulman and co-workers,41 a seeded assembly approach in order to facilitate controlled 
growth of the tubular crystals. As shown in Figure 4-7 a, we introduced a long oligonu-
cleotide complementary to one side of a 4TA tube crystal structure called “blocking 
strand”. It is unclear if the blocking strand acts as a crystallization seed, but in any case, 
effectively restricts the polymerization in one direction when incorporated into the tube 
crystal. Decreasing the concentration of this blocking strands results in a gradual in-
crease of the length of the main product. At a 1:1 ratio between the blocking strand and 
the oligonucleotides forming the 4TA tube crystal, mainly monomers (Figure 4-7 c) and 
fewer dimers (Figure 4-7 d) are formed. In a reaction with a 4:1 oligonucleotides to block-
ing strand ratio, octamer structures are observed as the leading product band (Figure 
4-7 h), indicating that it is possible to tune the length distributions of the formed tubes.  
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Figure 4-7. Controlling the crystal growth of 4TA structures using blocking strands. (a) 
The blocking strand is an oligonucleotide complementary to one of the sides of the 4TA 
crystal structure. (b) By controlling the concentration of the blocking strand, it is possible 
to shift the length distribution of the formed product. (c) Monomers; (d) dimers; (e) tri-
mers; (f) tetramers; (g) octamers; (h) long 1-D crystals. Scale 100 nm. 
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 Conclusions 
In this paper we have extended the triangulated wireframe design strategy, previously 
only employed in DNA origami designs,91,108,149 to SST structures. For the design, we 
have developed an automated program (Hex-Tiles) which also assists the user in creat-
ing 96-well plate layouts for ordering, and generating pipetting schemes to prepare oli-
gonucleotide mixtures for the folding experiments. With this software, we designed and 
folded three finite structures, rhombus, tube and ring. We found that introducing spacers 
in the 6-arm junctions connecting the double-stranded edges of the triangles is essential 
to fold the structures with good yields. The best assembly yield was observed for struc-
tures having a 4 nt thymidine spacer in NaCl-containing buffer. Other than conventional 
DNA structures with close-packed helices, the triangulated wireframe structures form 
even under physiologically relevant salinities (150 mM NaCl), however with better yields 
at 300 mM NaCl.  
Coarse-grained molecular dynamics simulations of single 6-arm junctions and rhombus 
structures imply that the absence of spacers in the 6-arm junction motif leads to unde-
sired stacking interactions and a strong global curvature of the structure. By designing 
domains on opposing sides of the rhombus to be complementary, several infinite tubular 
assemblies have been demonstrated. Further, we controlled the length distribution of the 
tubes by varying the concentration of a long blocking strand, complementary to one side 
of the rhombus. The triangulated SST structures presented herein combine advantages 
of the scaffold-free single-stranded tile approach with those of triangulated hollow 
wireframe structures, providing a cost-effective route for large-scale synthesis for nano-
medical applications. 
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 Methods 
4.4.1 SST Folding 
For folding SST structures, the following mixture composition was used: strands set (In-
tegrated DNA Technologies or Eurofins) at 200 nM (each); 1× folding buffer that consists 
of 300 mM NaCl, 10 mM Tris-HCl, adjusted to pH 7.9 and mixed. 
The mixture was annealed in a thermal cycler (Bio-Rad C1000 Touch) from 80 to 65 °C 
at a rate of −1 °C/min and from 65 °C to room temperature at a rate of −1 °C per 20 min, 
with excess oligonucleotides removed by agarose gel electrophoresis. 
For the long folding reactions, the following variations were made to the annealing pro-
tocol: 
• 3 days protocol: 1 min at 80 °C, 80 to 60 °C at a rate of −1 °C/3 min and from 65 
°C to room temperature at a rate of −1 °C per 2 h 
• 7 days protocol: 1 min at 80 °C followed by cooling down to 20 °C at the rate of 
1 °C/3 h. 
Following the annealing reaction, the samples were stored at 4 °C in 1.5 mL DNA LoBind 
vials (Eppendorf). 
4.4.2 Agarose Gel Electrophoresis 
Discussed in 3.4.2. 
4.4.3 tSEM Characterization 
Discussed in 3.4.4. 
4.4.4 AFM Imaging 
Discussed in 3.4.3. 
4.4.5 AGE-Based Folding-Yield Estimation 
Discussed in 3.4.2. 
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4.4.6 Molecular Dynamics Simulations 
The simulations of 6-arm junctions and rhombus structures were carried out using 
oxDNA2 version of the model with the sequence-dependent parametrization of hydro-
gen-bonding and stacking interactions.114,163 The simulations of the single 6-arm junction 
(with 0, 1, 2, or 4 nt spacer between the arms) were carried out on CPUs using molecular 
dynamics (MD) simulation with an Andersen-like thermostat and simulation time step of 
0.015 ps.172 The temperature was set to 25 °C, and sodium concentration was set to 0.2 
M using the Debye–Huckel model for electrostatic interactions. We ran the MD simula-
tions for each of the junctions for number of steps time corresponding to 11 μs. A total of 
40 replicas were run per junction. We note, however, that direct connection cannot be 
established between the time in the simulation and the corresponding time in experiment 
due to the highly coarse-grained nature of the model. Time scales of different processes 
(such as breaking of stacking interaction between bases or diffusion of the arms of junc-
tion) can scale with different ratios with respect to the actual time of the same process 
happening in experiment. Moreover, to speed up the sampling of different conformations 
of the junction, we are using diffusion coefficient that corresponds to 7.6 × 10–8 m2/s of 
a 14 bp duplex in the simulation, which corresponds to approximately 600 times faster 
diffusion than observed experimentally.173 
The angles between arms were obtained by measuring the angle between helical axes 
of the respective arms. To obtain the helical axis, we connected the midpoints between 
second base pair (counting from the spacer) and the third consecutive base pair of the 
arms. The free-energy profiles in Figure 4-2 were obtained from the probability histogram 
of angles sampled by the system during the unbiased MD simulation (obtained by Boltz-
mann inversion). To verify that sufficient sampling of the angular space was reached, we 
plotted the free-energy profiles of the sampled states divided into three equal parts (Fig-
ure A 2-34), we note that the standard deviation between the obtained plots is on the 
order of the plot line thickness. Thus, sufficient sampling was reached. 
For the simulations of the rhombus structure, we use the GPU implementation of the MD 
code for oxDNA2174 with a sodium concentration of 0.4 M, temperature of 30 °C, and 
simulation time step of 0.006 ps with a Langevin thermostat. Other parameters were the 
same as for the CPU simulation. We simulated each of the rhombus structures (with 0, 
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1, 2, and 4 nt spacer, respectively) for simulation time of 6 μs. A total of four replicas 
were performed per structure. 
To obtain the average structure and calculate the mean deviation of position of each 
nucleotide, we saved 40 000 different conformations from the MD simulation on GPU 
(each saved after 600 ps). We then picked randomly one structure from the ensemble 
and aligned all of the remaining structures onto this one so that the root-mean-square 
distance between the centers of mass of all corresponding nucleotides is minimized. We 
then obtained the mean structure by averaging positions of center of mass of all nucleo-
tides in the aligned ensemble. We verified that the obtained final mean structure is not 
sensitive to the choice of the randomly picked structure for the aligning and also found 
that the mean structure obtained is the same (within the standard deviation) if at least 
6500 sampled states from the simulation are used to construct it, confirming that the 
simulation time was long enough to sample all relevant conformations.
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 Structural transformation of 
wireframe DNA origami via DNA 
polymerase assisted gap-filling 
The work presented in this chapter is published and is adapted with permission from ref. 
[C]. Copyright (2018) American Chemical Society. Nayan P. Agarwal contributed equally 
to this work and he is also the shared first author. His contribution included performing 
experiments, discussed in this chapter and performing the tSEM imaging. Bastian Joffroy 
helped with the PAGE analysis and quantification. Both the contributors are former Ph.D. 
students in the group of Dr. Thorsten-Lars Schmidt at the Center of Advancing Electron-
ics Dresden, TU Dresden. 
 Introduction 
DNA nanotechnology utilizes the bottom-up, self-assembly approach wherein DNA is 
assembled into well-defined complex higher-order structures with the help of the speci-
ficity of Watson-Crick and Hoogsteen base-pair interactions.19,118,134,175 The “DNA ori-
gami” technique is a particularly robust and popular method to design and build DNA 
based nanostructures.44,45,135 This method uses several short DNA oligonucleotides (sta-
ple strands) as building blocks along with a long single-stranded DNA as a scaffold-
strand. DNA origami structures can be compact and designed with mostly parallel heli-
ces. Examples include most flat origami structures44 and 3-dimensional struc-
tures.45,176,177 Alternatively, grid-iron48 or wireframe structures91,94,108,122,160 can be de-
signed strictly from triangulated double-stranded helices108 or where edges consist of no 
more than two helices.91,94,160 The wireframe building principle is more material-efficient, 
allowing the structure to cover a larger area or encompass a larger volume, and in-
creases the sterical accessibility of the individual DNA helices. Moreover, the structures 
are stable in a wide range of salt conditions due to the reduced electrostatic repulsion 
between the DNA helices. Overall, these examples demonstrate that DNA is a versatile 
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material for constructing shapes. The addressability of DNA origami structures further 
allows for a complex nanomaterial assembly,178 with applications ranging from nanopho-
tonics and nanoelectronics to biophysics, nanomedicine, and molecular biology.86,155,135  
Apart from building static structures, DNA can also be used to design dynamic molecular 
motors, walkers, robots and tweezers, reconfigurable DNA devices like a DNA origami 
actuator that can perform autonomous internal motions.179,180. The working principle of 
these examples is often a strand-displacement mechanism. Alternative approaches to 
build dynamic structures using DNA include temperature or salt control, restriction en-
zymes and the pH, ion or light responsive DNA motives.135 Such molecular motors con-
vert chemically energy to induce structural transformations.  
A major drawback of prototyping and improving complex DNA nanoscale structures is 
the cost of DNA oligonucleotides.181 To this end, the usage of staple strand sequences 
can be minimized by custom scaffolds.182 The drawback is the loss of unique addressa-
bility. Alternatively, a polymerase-assisted gap filling process on the M13 scaffold along 
with Rec A protein was shown to increase the persistence length of double-stranded 
DNA.183 However, it was concluded that this approach displayed defects when the DNA 
origami was pre-folded and the M13 scaffold was gap-filled as a second step.  
 
Figure 5-1. DNA polymerase assisted gap filling of wireframe DNA origami structures. 
(A) DNA origami structures are folded such that some or all edges contain unpaired sin-
gle-strand “gap regions” in the scaffold strand (grey). (B) These flexible gap regions are 
filled with a polymerase such as T4 DNA polymerase using the staple strands as primers 
resulting in stiff, double-stranded edges (C). Artistic representations were produced from 
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PDB models of DNA (created using 3DNA)184 and the T4 DNA polymerase (PDB: 
1NOY)185. 
In this work, we have used DNA polymerases to fill designed single-stranded gap regions 
in DNA origami triangulated truss structures (Figure 5-1) and to transform the chemical 
energy obtained by the DNA polymerases into forces capable of mechanically transform-
ing the structures. 
 Results and Discussion 
5.2.1 Design of the Structures 
To develop a method for a DNA polymerase assisted gap-filling, four wireframe DNA 
origami designs were chosen: flat small (FS), tube small (TS), flat large (FL) and tube 
large (TL). “Small” designs have a typical gap size of 16 or 21 nucleotides (nt) and an 
edge length of 58 or 63 base pairs (bp) after gap filling, whereas “large designs” typically 
have gaps of 81 or 86 nt and an edge length of 123 or 128 bp after extension. Similar to 
the design discussed in Chapter 3,the flat designs (FS and FL) were modified by ex-
changing the edge staple strands (orange oligonucleotides in the Figure 5-2 and Figure 
A 3-1) to form the tube designs (TS and TL), which consist of adjacent decahedral units. 
The resulting tube structures correspond to the 4(0, 1, 1) notation by Erickson.131 We 
chose isosceles triangles with two equal legs of odd helical half turns of DNA (58 bp and 
123 bp for the small and large designs respectively) while the base of the triangle con-
sisted of even helical half turns of DNA (63 bp and 128 bp for the small and large designs 
respectively). The benefit of this composition of the structures is a planar and relaxed 
design91 compared to the design with equilateral triangles with odd helical half turns of 
DNA discussed in Chapter 3. The neighboring vertices of the triangles are connected by 
single-stranded spacers of two nucleotides, for both the scaffold and staple strands. The 
staple oligonucleotides throughout the design have two domains of 21 bp each that con-
nect the edges of the neighboring triangles, with the exception of the edge oligonucleo-
tides (orange oligonucleotides in the Figure 5-2 and Figure A 3-1) that have only one 
domain of 21 bp. The gap regions are positioned in the middle of each edge of the trian-
gle, for the small designs (FS and TS) these gap regions are 16 and 21 nt long while for 
the large designs (FL and TL) they are 79 and 84 nt long. Thus, 33 % of the scaffold 
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remains single-stranded or 66 % in the large design. Detailed information for all the de-
signs is in the cadnano files available online at https://doi.org/10.1021/acsnano.7b08345, 
Figure 5-2 and Figure A 3-1. 
 
Figure 5-2. Schematic representations of the DNA origami wireframe structures (small) 
with gap regions. The structures were designed with the help of k-router.108 Both the 
small designs (A) flat and (B) tube are made up of isosceles triangles, where each edge 
of the triangle corresponds to a single DNA double helix. For the small structures the 
base of the triangle is 63 bp long while the legs are 58 bp long. The vertices of the 
triangles consist of single-stranded DNA loop domains of two nt. The numbering along 
the edge of each triangle represents the helix number corresponding to the cadnano file. 
The gap regions are located in the central position on the edges of each triangle. In the 
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control structures, gap regions are filled by additional staple-strands represented by red 
arrows that are annealed during the folding reaction. Schematic representation of one 
edge of the triangle can be seen in (C). The blue arrows represent the scaffold, while 
green arrows represent the annealed staple-strands. The gap in the small structure de-
sign can either be 16 or 21 nt long. 
5.2.2 Folding of Gap-Structures 
The four different wireframe DNA origami structures were self-assembled by slowly an-
nealing the staple strand sets with their respective scaffold strands (p7560 for small de-
signs and p8064 for large designs). The gap-structures and control structures, where the 
gap regions were filled with additional staples, formed a single product band that mi-
grated slower than the corresponding scaffold strand band as observed in the agarose 
gel electrophoresis (AGE) analysis (Figure A 3-2). The gap regions in the designs did 
not lead to an aggregation and the product yield for all the gap structures was calculated 
to be nearly 90 %. This demonstrated the robustness of the wireframe design and sup-
ported the possibility of using fewer staples to assemble a structure. The shape of the 
gap-structures is, however, not well defined (Figure 5-3, Figure A 3-3-Figure A 3-6) as 
expected due to the high flexibility of single-stranded DNA.  
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Figure 5-3. Wireframe DNA structures before and after gap filling. Four structures, A) 
Flat small, B) Tube small, C) Flat large and D) Tube large were used here. Artistic models 
are displayed to scale such that the relative sizes can be compared. The structures con-
taining the gap regions were folded (1). Then T4 DNA polymerase and dNTPs were 
added to fill the gap regions (2) (protocol for the extension reactions: materials and meth-
ods section 2d). Enzymatically filled structures are compared with the control structures 
(3), where the structures were folded with additional staples complementary to the gap 
regions. Scale bars of tSEM micrographs: 100 nm. (Wide-field images: Figure A 3-3-
Figure A 3-6). 
5.2.3 Inactivation of Polymerase. 
During the test experiments (not discussed in this dissertation) a screen for the best 
performing DNA polymerase enzyme was performed. T4 and Phusion DNA polymerases 
were identified as promising candidates. However due to the inconsistent results with 
Phusion polymerase and since T4 DNA polymerase is widely used for gap-filling in mo-
lecular biology, we further optimized conditions for T4 DNA polymerase. We hypothe-
sized its strong 3’ -> 5’ exonuclease activity may have led to the undesired products in 
the smear on PAGE (Figure 5-4). With the addition of 2-mercaptoethanol, the enzyme 
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could be denatured in less than 1 min. This fast quenching provides the necessary con-
trol over the reaction time (Figure A 3-7). After an inactivation step with 2-mercaptoeth-
anol, much fewer undesired products can be observed and the structures looked more 
intact in TEM images (Figure 5-4 and Figure A 3-8). Additionally, the products were com-
parable to the ones obtained after the gap-filling reaction with Phusion DNA polymerase, 
with the advantage that the method was now consistent across all the designs. We there-
fore strongly recommend inactivation of the polymerase after the extension reaction.  
 
Figure 5-4. Inactivation of T4 DNA polymerase with 2-mercaptoethanol. A) PAGE gel 
analysis to compare the effect of quenching of the polymerase. The lanes marked with 
a red ‘-’ contain the structures with the gap regions, while the lanes marked with a blue 
‘+’ contain the enzymatically extended structures without the quenching step and the 
lanes marked with ‘*’ contain the extended structures that were quenched with 2-mer-
captoethanol. Orange boxes compare the difference in the smear, the samples without 
the quenching produce undesired products. B) TEM micrographs of Top: flat small; bot-
tom: tube small structures, comparing the outcome with and without the inactivation step. 
Scale bars = 100 nm. More information in Figure A 3-7. 
5.2.4 Secondary Structures. 
Next, we tested gap-filling reactions at different temperatures. AGE, PAGE and tSEM 
results (Figure A 3-9 and Figure A 3-10) imply that 25°C is the optimal reaction temper-
ature for the FS structure, while the reaction time should be restricted to a maximum of 
10 min. For the FL structure, fewer low-molecular weight side products were obtained at 
37 °C after 3-10 min incubation compared to lower temperatures. Insufficient processivity 
does not seem to be responsible for temperature-dependent differences, as even after 
3 minutes at 12 °C, the majority of staples were extended to the full-length product and 
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even a 33-fold longer incubation time did not reduce the remaining shorter side products 
(Figure A 3-9) significantly. So, even at lower temperatures, the enzyme should in prin-
ciple be fast enough to extend the gaps. We therefore hypothesize that the additional 
lower molecular weight bands might be caused by hairpins, which could act as a road-
block to the polymerase. Alternatively, hairpins may also lead to replication slippage,186 
which is an effect inversely related to the DNA polymerase strand-displacement mecha-
nism and would also results in shorter extension products. Much fewer short side prod-
ucts were observed at 37 °C, which would be consistent with the model of hairpins. The 
higher temperatures would lead to an increased temporary melting (fraying), which could 
enable the polymerase to successfully read through the hairpin. We observed a similar 
effect for Phi 29 polymerase which has a high strand displacement capacity and which 
had a significantly higher amplification rate if temporary melting (fraying) probabilities 
were increased due to geometrical constraints.187  
To locate potential hairpins, we performed a Gibbs free energy simulation using mfold105 
on all the gap regions at four different temperatures (12, 25, 37 and 40 °C) for the two 
gap designs (small and large). A lower (more negative) Gibbs free energy directly corre-
sponded to stronger hairpin regions (Figure A 3-11). Increasing the extension tempera-
ture to 37 °C eliminated most side products. Alternatively, additional staples complemen-
tary to strong hairpins or artificially designed scaffold strands188 with reduced secondary 
structures may improve extension results for regions with strong secondary structures 
further. 
In conclusion, the optimal conditions for the T4 DNA polymerase assisted gap-filling 
method are 25 °C for 5 minutes for the FS and TS structures and 40 °C for 5 min for the 
FL and TL structures, followed by an inactivation step with 2-mercaptoethanol (Figure 
5-3, Figure 5-5 and Figure A 3-2). 
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Figure 5-5. Denaturing PAGE analysis of the DNA polymerase assisted gap filling of the 
wireframe DNA structures. The lanes marked with a red ‘-’ contain the structures with the 
gap regions, while the lanes marked with a blue ‘+’ contain the enzymatically extended 
structures. The expected staple strand bands are marked with a dotted line in each lane. 
The lengths before (red) and after gap filling (blue) and the number of strands for each 
expected final length is summarized in the insert tables. The occurrence number of each 
staple extension is denoted in brackets in black. Structures before and after enzymatic 
extension were purified by AGE. 
5.2.5 Folding Kinetics of Gap Origami.  
We tested four different protocols (tables in Figure A 3-12) to find the minimum time 
needed to fold the gap structures. We tested cooling ramps over 16 h, 1 h, and 10 min, 
and a 6 min isothermal reaction similar to the one described by Sobczak et al.189, after 
which the gap structures were extended at the optimized conditions. AGE, PAGE and 
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AFM results indicated that all the annealing protocols work with comparable efficiency 
(Figure A 3-12) and we conclude that despite the utilization of an incomplete staple set 
the gap structures can be folded in just 6 min and then gap-filled with T4 DNA polymerase 
in 3 min, resulting in a total reaction time of just 9 min. 
 Conclusions 
In this paper, we have demonstrated the structural transformations of DNA origami struc-
tures induced by strand extension reactions with DNA polymerases. For this purpose, 
we tested a wide range of DNA polymerases and found that T4 DNA polymerase is the 
most suitable. The presence of single-stranded gap regions in the design requires fewer 
staple-strands (33 % less in small design and 66 % less in large design) and allows very 
fast annealing times in only 6 min compared to 16 h used for most DNA origami struc-
tures. Gap regions in the structures act as entropic springs that lead to a collapse of the 
entire structure if gap regions are introduced on all edges. The DNA polymerase assisted 
gap-filling transformed collapsed structures into full-size filled structures. In one of the 
typical reactions, 1 µl of dNTPs (~0.06 €) and 1 µl of T4 Polymerase (~1 €) were  used 
to modify 0.4 pmole of DNA origami. We envision that this approach will enable reducing 
costs for the prototyping of different wireframe origami designs or be used to construct 
force generating mechanical units which can be switched within 3 min. This switching 
can, for example, be used to switch plasmonic devices or to build dynamic devices for 
single-molecule force spectroscopy. The costs of the polymerase could be reduced by 
1-2 orders of magnitude when produced in house, which would make this technique at-
tractive for larger scale reactions as well. 
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 Methods 
5.4.1 DNA origami folding 
For folding wireframe DNA origami structures (with or without gap regions) the following 
mixture composition was used: 20 nM of p8064 (for large design) or p7560 (for small 
design) scaffold (Tilibit), staple strands set (Integrated DNA Technologies or Eurofins) at 
200 nM (each), 1X of NEB 2.1 buffer (New England Biolabs Inc.) that consists of 50 mM 
NaCl, 10 mM Tris-HCl, 10 mM MgCl2 and 100 µg/mL BSA adjusted to pH 7.9 were mixed.  
The mixture was annealed in a thermal cycler (Bio-Rad C1000 Touch) from 80 to 65 °C 
at a rate of -1 °C/min and from 65 °C to room temperature at a rate of -1 °C per 20 min. 
Excess staple strands were then removed by agarose gel electrophoresis. 
For fast folding the following variations were made to the annealing protocol: 
• 1-hour protocol: 1 min at 80 °C, 80 to 65 °C at a rate of -1 °C/20 s and from 65 
°C to room temperature at a rate of -1 °C per min. 
• 10 min protocol: 1 min at 80 °C followed by cooling down to 20 °C at the rate of 
5 °C/min.  
• 6 min protocol (isothermal): 1 min at 80 °C and 55 °C for 5 min. 
Following the annealing reaction, the samples were stored at -20 °C in 1.5 mL DNA 
LoBind vials (Eppendorf). 
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5.4.2  Gap filling of the wireframe DNA origami structures 
10 µL of 20 nM unpurified gap structures (FS, TS, FL and TL) were added to a 200 µL 
PCR tube. To that, the respective enzyme buffer was added to bring the final concentra-
tion of the buffer to 1X. Ultrapure water was added to bring the volume of the mixture to 
17 µL. To this mixture 1 µL of the T4 DNA polymerase were added and mixed carefully. 
The mixture was incubated for 5 min at 25 °C (for FS and TS) or 40 °C (for FL and TL). 
To stop the reaction, 2 µL of 2-Mercaptoethanol was added and incubated for 1 min at 
25 °C. The reacted sample was then used for further analysis and purification by AGE. 
5.4.3 Agarose gel electrophoresis 
The gel running protocol is discussed in 3.4.2. 
For the purification of the wireframe DNA origami structures (with or without gap regions), 
the desired band was cut out with a razor blade and the excess agarose was carefully 
removed. The slice was then chopped, transferred into a DNA gel extraction column (Bio-
Rad, Freeze’n Squeeze) and centrifuged at 4,800 rcf, at room temperature for 5 min. 
After centrifugation, the inner filter tube was rotated by 180° and centrifuged again under 
same conditions to completely filter out the sample from the agarose debris. The purified 
sample was transferred into a DNA LoBind tube and stored at 4 °C. 
5.4.4 PAGE gel analysis 
The samples that were extracted from AGE, were further analyzed by PAGE.  
15 % denaturing PAGE gel was pre-casted as per the following protocol: 
18.2 g of Urea (99.5 % for analysis, ACROS Organics) was dissolved in 20 mL of ul-
trapure water. To above mixture following components were add: 5 mL of 10X Tris-
EDTA-Borate (TBE) buffer, 18.75 mL of Acrylamide:Bisacrylamide (29:1); 40% solution 
(Alfa Aesar), 400 µL of freshly dissolved Ammonium persulphate, 10 % wt (Applichem), 
30 µL of N,N,N′,N′-Tetramethylethylenediamine (TEMED, Sigma Aldrich). The above so-
lution was mixed by inverting the tube. The solution was carefully poured into empty 
PAGE cassettes (1.5 mm thickness, mini, Thermo Fisher Scientific). The prepared vol-
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ume was sufficient for 4 cassettes. Combs were carefully placed into the cassettes with-
out spilling the solution. The cassettes were incubated for 30 min. For storage the cas-
settes were placed in a bag with 0.5X TBE buffer and placed at 4 °C until further usage. 
 
The samples for loading were prepared in the following way: 5 µL of the AGE ex-
tracted sample were mixed with 5 µL of 2X denaturing loading solution (50 % formamide, 
10 mM NaOH, traces of bromophenol blue and xylene cyanol). For the ladder, 1 µL of 
10 bp ladder (Thermo Scientific) were mixed with 0.5 µL 10X folding buffer, 5 µL of 2X 
denaturing loading dye and 3.5 µL of ultrapure water. The empty lanes were filled with a 
blank solution composed of 0.5 µL 10X folding buffer, 5 µL of 2X loading dye and 4.5 µL 
of ultrapure water.  
Protocol for running the gel: 
0.5X TBE buffer warmed to ~65 °C was used as the running buffer. The lanes were 
washed with 0.5X TBE buffer using a syringe. The gel was pre-run at 220 V for 30 min 
inside a thermobox filled with hot water (~65 °C). The prepared samples were loaded 
into the lanes (10 µL each). After the run, the gel was post-stained with 1X SYBR gold 
(Life technologies). The gel staining solution was contained mixing 45 mL ultrapure wa-
ter, 5 mL absolute ethanol. To this mixture 5 µL of the SYBR gold dye (solution in DMSO) 
was added. The gel was imaged with a Typhoon FLA 9500 gel scanner (GE Healthcare) 
using the excitation wavelength of 473 nm suitable for SYBR gold stained gels. 
5.4.5  tSEM characterization 
Discussed in 3.4.4. 
5.4.6  AFM imaging 
Discussed in 3.4.3. 
5.4.7 AGE based folding-yield estimation  
Discussed in 3.4.2. 
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5.4.8 Gibbs free energy simulation using mfold 
Mfold is a tool that helps in the prediction of secondary structures of RNA and DNA by 
using thermodynamics.105 In the current study, this algorithm was used to compute the 
Gibbs free energy for the gap regions in the two gap designs (small and large). For this 
purpose, conditions similar to the experiments were chosen (10 mM MgCl2, 50 mM NaCl) 
and four different temperatures (12, 25, 37 and 45 °C) were simulated. The output values 
were plotted on the respective structure design in the form of a heat map graphic with 
the help of k-router108 using a color-coded scheme where the results were classified into 
four categories depending on the computed Gibbs free energy value and the observation 
from the PAGE analysis (Figure A 3-11).  
5.4.9 List of sequence for folding the DNA origami triangulated structures  
All the oligonucleotide sequences of the respective structures are summarized in the file 
“sequences.yaml”.(available online at https://doi.org/10.1021/acsnano.7b08345) This 
file type can be opened using any text editor. The sequences are sorted into two groups: 
Small and large design. The sequences are further divided into sub-categories as per 
the following table: 
 
SMALL Name Description 
 
CORE  Common for all small designs 
 
UFFS  Unique for flat small design 
 
UFTS  Unique for tube large design 
 
SGF  To fill all the small gap regions 
 
SGFC  For curved tubes 
LARGE Name Description 
 
CORE Common for all large designs 
 
UFFL  Unique for flat large design 
 
UFTL  Unique for tube small design  
 
LGF  To fill all the large gap regions 
 
LH  To partially fill the hairpin containing gap-region 
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The structures that are discussed in the manuscript are assembled by mixing the 
sequence from the above mentioned sub-categories in an equimolar ratio as per the 
following scheme: 
1) All the gap-filled control structures: 
o Flat small = CORE + UFFS + SGF 
o Flat large = CORE + UFFL + LGF 
o Tube small = CORE + UFTS + SGF 
o Tube large = CORE + UFTL + LGF 
2) All the gap structures:  
o Flat small = CORE + UFFS 
o Flat large = CORE + UFFL 
o Tube small = CORE + UFTS 
o Tube large = CORE + UFTL 
3) Gap large structures with partially filled gap-regions: 
o Flat large = CORE + UFFS + LH 
o Tube large = CORE + UFTL + LH 
4) Curved tube small structures: 
o Tube small curved = CORE + UFTS + SGFC 
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 Summary and outlook 
DNA nanotechnology is an incredibly interdisciplinary field with applicational perspec-
tives in photonics,86,138,139 biophysics,140–142 crystallography,32,58,143 molecular biology,144 
and nanomedicine.145. The current toolbox of structural DNA nanotechnology provides 
ways to assemble almost any desired shape. (Chapter 1)  
The work discussed in this dissertation explored the assembly of triangulated wireframe 
DNA structures using the DNA origami method (Chapter 3) as well as the SST method 
(Chapter 4). These structures are of interest because the triangle is the only geometrical 
primitive being intrinsically resistant to shearing forces90 allowing thus to build very com-
plex structures in a very material efficient way. Another advantage of wireframe designs 
is a better compatibility to biological buffer conditions which might have implications for 
fields like nanomedicine.117 Further on, the hollow nature of these structures allows to 
explore controlled protein-DNA interactions and cost effective prototyping. For instance, 
one can utilize DNA polymerases to induce structural transformations to DNA nanostruc-
tures and as a side effect reduce the cost for staple strand during the testing stage of the 
structures as has been shown in Chapter 5. 
In future studies these structures may be filled with functional elements such as AuNPs 
or enzymes, potentially even after assembly.190 In contrast to structures, where nanopar-
ticles are attached to the outer surface, the polyhedral cavities could provide a tight three-
dimensional confinement. This may be useful for plasmonic and electrical applications 
or to test enzyme efficiency differences in multienzyme cascades in respect to their rel-
ative orientation. 
Gaining control over the chirality of the structures would make them an interesting target 
for plasmonic applications. Flat truss structures may, for example, be densely decorated 
with AuNPs on one face such that their electrostatic interactions determines this face to 
lie outside after tube formation.191 Alternatively, multiple attachment sides per AuNP may 
be used to wrap the flat truss around AuNPs. The tube formation could be triggered in a 
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subsequent step by adding some missing oligonucleotides. Arranging AuNPs in chiral 
spirals at the faces of the structures could produce a programmable circular dichro-
ism.85,192  
The complexity of structures build just by DNA is limited when compared to ribonucleic 
acid (RNA) and peptides, which display a much bigger space of secondary struc-
tures193,194 and are utilized by nature to perform more tasks than DNA.6 A challenge to 
the DNA nanotechnology field is to expand the knowledge, gained by 2 decades of as-
sembling DNA nanostructures into controlled design of RNA and Protein structures. First 
examples of these new structures and approaches include the RNA-tile structures de-
veloped by Geary et al.,195 the RNA-wireframe structures by Qi et al.196 and the de novo 
designed protein structures by the Baker lab, such as the self-assembling 2D Arrays by 
Chen et al.197 
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Appendix 
A.1 Additional figures from chapter 3 
 
Figure A 1-1. Path routing software A) Path routing software main window. B) Basic flat 
design plotted. C) Generated caDNAno file, counting 179 helices. 
The software used to generate the basic flat design is a python script. Its output is a 
*.json file that can be loaded with caDNAno (v.0.9) and which can be further processed 
in caDNAno. To produce a design, one starts clicking on the vertexes of the triangular 
mesh, displayed in the main window (Figure A 1-1A). After selecting a vertex, a white 
point is drawn to mark the selection point, further on one can choose from the six adja-
cent vertexes, producing a blue trail along the edge interconnecting the two respective 
vertices (Figure A 1-1B). The only restriction is that one cannot use the same edge twice. 
By pressing the buttons “save design” and “load design” one can save and restore a 
previous triangulated design base file. The produced file extension is “.des”. The “gen-
erate design” button allows the user to create a *.json file compatible with caDNAno 
(Figure A 1-1C). The source code is available at https://github.com/tls-dna/krouter/re-
leases/tag/v0.1 
  
A.1 Additional figures from chapter 3  
 
70 
 
 
 
Figure A 1-2. Low salt assembly conditions dodecahedral truss. (AFM image) A) As-
sembly at 4 mM MgCl2, scale bar is 500 nm, B) Assembly at 4 mM MgCl2. scale bar is 
200 nm. C), D) Assembly at 150 mM NaCl, scale bar is 200 nm. Structures were folded 
using p8064 scaffold. 
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Figure A 1-3. Assembly of the tetrahedral truss structure and a 6-helix bundle origami 
(6hb) as a comparison for conventional parallel-helix designs using different scaffold 
clones. Lane 1) 1kb ladder, 2) scaffold p7308, 3) 6hb structure assembled using p7308, 
4) tetrahedral truss, assembled with p7308. 5) p8064 scaffold, 6) 6hb with p8064, 7) 
tetrahedral truss with p8064, 8) M13mp18 scaffold (NEB), 9) 6hb with M13mp18, 10) 
tetrahedral truss with M13mp18. All structures where assembled using standard folding 
conditions. (Fatih Nadi Gür folded the 6hb structures and run the gel) 
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Figure A 1-4. AFM image of the flat truss, scale bar is 300 nm. Structures were folded 
using p7308 scaffold. 
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Figure A 1-5. AFM images of the tetrahedral truss, scale bar is 200 nm. Structures were 
folded using p7308 scaffold. 
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Figure A 1-6. AFM images of the octahedral truss, scale bar is 200 nm. Structures were 
folded using p7308 scaffold. 
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Figure A 1-7. AFM image of the dodecahedral truss, scale bar is 250 nm. Structures were 
folded using p8064 scaffold. 
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Figure A 1-8. Octahedral truss structures with potential folding defects. Black arrows 
mark unfolded regions where staples are possibly missing or where two different chirali-
ties are formed at opposing ends, scale bar is 100 nm.  
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A.2 Additional figures from chapter 4 
M (Origami of sst) 5.30E+06 g/mol 
n (1 g Origami)  2.00E-07 mol 
   
scaffold 
  
Scaffold price for 800 pmol 7.06E+02 Euros 
scaffold orders needed for 2 pmol 2.50E+02 
 
Price for 0.2 µmol scaffold 1.77E+05 
 
   
staples 
  
n per oligo (10x excess over scaffold) 2.00E-06 mol 
synthesis scale needed: 10 µmol 
  
price per base 1.49E+01 Euros 
price of all oligos (8000 bases) 1.19E+05 Euros 
   
Origami price (1 g scaffold and staples) 2.96E+05 Euros 
   
   
sst 
  
n (1 g) = amount of substance 2.00E-07 mol 
synthesis scale needed: 1 µmol 
  
price per base 2.25E+00 Euros 
price of all oligos (16000 bases) 3.60E+04 Euros 
   
sst cheaper assuming 100 % synthesis yields 8.21E+00 
 
 
Figure A 2-1. Cost estimation of 1 gram of synthesized single stranded tile structures vs 
a similar structure based on the DNA origami technique. Using commercially available 
components and a 100% synthesis yield synthesizing 1 gram of SST structures is 8 times 
cheaper than a comparable amount of DNA origami structures. 
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Figure A 2-2. HexTiles – a program for the convenient design and organization of the 
SST structures. The user is presented with a virtual canvas tiled by the desired triangu-
lated wireframe motif. On this canvas, an arbitrary shape is outlined. Further on se-
quences are randomly generated. No specific restriction on the sequences is applied. 
The final design file contains information about the structure, the oligonucleotide se-
quences comprising the structure and a suggested distribution of the sequences into 96 
well plates. The strands are sorted into 2 categories of 96 well plates: Core and Protector 
strands. The first ones forming the inner of the structures, the second one forming the 
edges.  This allows to quickly modify existing designs, simplifying the handling and or-
dering process facilitating the reuse of existing strand sequences. The source code is 
available at https://github.com/tls-dna/hex-tiles. 
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Figure A 2-3. Example trajectories of 6-arm junctions with 0 to 4 thymidine bases.  Rep-
resented is the change of the measured angle between the arms of the reference orien-
tation (Figure A 2-4e) as a function of simulation time. The curve corresponding to the 
angle between arms 1 and 2 is colored in blue. Orange stands for the angles between 
the arms 1-3. Green corresponds to the angle between arms 1-4.  a) corresponds to 
junctions containing 0 T, b) 1T, c) 2T, d) 4 T spacers respectively. 
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Figure A 2-4. Coarse-grained molecular dynamics simulations using the oxDNA model 
of the 6-arm junctions with varying spacer lengths from 0 to 4 thymidine bases (a) to (d). 
The illustration are the snapshots of typical configurations from simulations, along with a 
schematic 2D diagram visualizing the positions of the 6-arm junctions. e) Reference ori-
entation of the 6-arm junction, used to calculate the free energy profile, the angles for 
the plots are measured between the stems of the numbered helices. For instance, (1-2) 
corresponds to the angles between the stem of helix one and helix 2 and the correspond-
ing energy landscape is represented by blue colored line in the right column of                 
Figure 4-2. 
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Figure A 2-5. Overview of all the triangulated SST structures and introduction to the no-
menclature. There are 3 categories of triangulat-ed SST structures: flat sheet, tube and 
T-ring. Within these 3 categories there are further divisions based on the spacer length 
(0, 1, 2 or 4 nt) or depending on the resulting structure (finite or crystal). 
The red arrows indicate the outer protector strand while the blue arrows indicate the inner 
strands. In case of tube design the common overlapping strands are represented in the 
form of a dotted line. Similar representation is also used for crys-tal designs to indicate 
overlapping sequences. 
The nomenclature of each structure consists of the number of rows (‘R’ in orange colour) 
and columns (‘C’ in green colour). For example, for SST structure consisting of 3 rows 
and 2 columns the nomenclature is ‘3R2C’.  
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For tube SST structures, the nomenclature just has the number of rows followed by the 
letter ‘T’ indicating that it is a tube design; followed by the type of interconnection. If ‘1’ 
connects with ‘C’ the third letter of the nomenclature is C. For exam-ple, for SST tube 
structure with 4 rows and consisting of interconnections: 1  C the nomenclature is 4TC.  
The nomenclature of the SST structures throughout the work also contains two extra 
letters (#T) that are referring to the number of spacer nucleotides in the 6-arm junction. 
For example, is there are 2 spacer nucleotides in the 4R4C structure the nomenclature 
is ‘4R4C_2T’. 
 
Figure A 2-6. AFM micrographs for the 3R2C structure with 0 to 4 nt spacer. Scale 
bars: 100 nm. 
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Figure A 2-7. Wide-field tSEM micrographs for 4R4C_2T SST structures. Scale bars: 
100 nm. 
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Figure A 2-8. Wide-field tSEM micrographs for 4R4C_4T SST structures. Scale bars: 
100 nm. 
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Figure A 2-9. Wide-field tSEM micrographs for 4TA_2T SST structures. Scale bars: 100 
nm. 
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Figure A 2-10. Wide-field tSEM micrographs for 4TA_4T SST structures. Scale bars: 100 
nm. 
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Figure A 2-11. Wide-field tSEM micrographs for TR_2T SST structures. Scale bars: 100 
nm. 
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Figure A 2-12. Wide-field tSEM micrographs for TR_4T SST structures. Scale bars: 100 
nm. 
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Figure A 2-13. tSEM micrographs for 4R4C_2T SST structures. The markings indicate 
the side measurements that were used for statistical analysis of the structures in             
Figure 4-3. The measurements were done using ImageJ. Scale bars: 100 nm. 
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Figure A 2-14. tSEM micrographs for 4R4C_4T SST structures. The markings indicate 
the side measurements that were used for statistical analysis of the structures in             
Figure 4-3. The measurements were done using ImageJ. Scale bars: 100 nm. 
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Figure A 2-15. Side measurements for rhombic structure (2T and 4T spacers) were tak-
ing with the help of ImageJ. For this image, the two sides of the flat sheet were assumed 
to be unequal: ‘a’ and ‘b’ such that ‘a’ is not equal to ‘b’. By taking a ratio of the two sides 
(a/b) across 200 structures, the histogram was plotted and fitted with a Gaussian curve. 
From the fit we observed that a/b = 1 for both the spacer conditions (2 nt and 4 nt) with 
0.063 (2T) and 0.067 (4T) as standard deviation. This agrees with the design structure 
being a rhombus. 
 
Figure A 2-16. Agarose gel electrophoresis (AGE) for (A) 4R4C_2T; (B) 4R4C_4T; (C) 
4TA_2T; and (D) 4TA_4T, analyzing the optimum salt concentration needed to fold the 
structures. Both magnesium chloride (MgCl2) and sodium chloride (NaCl) were used for 
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this purpose. MgCl2 was varied from 1 mM to 40 mM while NaCl was varied from 75 to 
1200 mM. The arrows mark the expected product band. From these results it can be 
observed that the triangulate SST structure start folding at 4 mM MgCl2 concentration or 
at 150 mM NaCl concentration. The highest product formation was observed between 
300-600 mM NaCl concentrations for all the structures. 
 
Figure A 2-17. Optimization of the folding reaction time for the SST structures as a func-
tion of the spacers. 
  
A.2 Additional figures from chapter 4 
 
93 
 
 
Figure A 2-18. Agarose gel electrophoresis for 1D SST crystal structures. The folding 
reaction was carried out for 7 days at a temperature ramp. Each of these structures has 
a 2 and 4 nt spacer design. From the results it can be concluded that no distinct bands 
were observed. Indicating that the final outcome of the folding reaction is a broad distri-
bution of structures that were either too big to enter the pocket or were smeared through-
out the lane. For further analysis, the non-purified folding reaction was taken directly for 
tSEM imaging. 
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Figure A 2-19. tSEM micrographs for 3TA_2T crystal structure (scale bars = 500 nm). 
Length measurements were done using ImageJ. For a detailed summary please refer 
Figure A 2-33. 
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Figure A 2-20. tSEM micrographs for 3TA_4T crystal structure (scale bars = 500 nm). 
Length measurements were done using ImageJ. For a detailed summary please refer 
Figure A 2-33. 
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Figure A 2-21. tSEM micrographs for 3TB_2T crystal structure (scale bars = 500 nm). 
Length measurements were done using ImageJ. For a detailed summary please refer 
Figure A 2-33. 
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Figure A 2-22. tSEM micrographs for 3TB_4T crystal structure (scale bars = 500 nm). 
Length measurements were done using ImageJ. For a detailed summary please refer 
Figure A 2-33. 
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Figure A 2-23. tSEM micrographs for 3TC_2T crystal structure (scale bars = 500 nm). 
Length measurements were done using ImageJ. For a detailed summary please refer 
Figure A 2-33. 
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Figure A 2-24. tSEM micrographs for 3TC_4T crystal structure (scale bars = 500 nm). 
Length measurements were done using ImageJ. For a detailed summary please refer 
Figure A 2-33. 
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Figure A 2-25. tSEM micrographs for 4TA_2T crystal structure (scale bars = 500 nm). 
Length measurements were done using ImageJ. For a detailed summary please refer 
Figure A 2-33. 
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Figure A 2-26. tSEM micrographs for 4TA_4T crystal structure (scale bars = 500 nm). 
Length measurements were done using ImageJ. For a detailed summary please refer 
Figure A 2-33. 
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Figure A 2-27. tSEM micrographs for 4TB_2T crystal structure (scale bars = 500 nm). 
Length measurements were done using ImageJ. For a detailed summary please refer 
Figure A 2-33. 
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Figure A 2-28. tSEM micrographs for 4TB_4T crystal structure (scale bars = 500 nm). 
Length measurements were done using ImageJ. For a detailed summary please refer 
Figure A 2-33. 
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Figure A 2-29. tSEM micrographs for 4TC_2T crystal structure (scale bars = 500 nm). 
Length measurements were done using ImageJ. For a detailed summary please refer 
Figure A 2-33. 
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Figure A 2-30. tSEM micrographs for 4TC_4T crystal structure (scale bars = 500 nm). 
Length measurements were done using ImageJ. For a detailed summary please refer 
Figure A 2-33. 
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Figure A 2-31. tSEM micrographs for 4TD_2T crystal structure (scale bars = 500 nm). 
Length measurements were done using ImageJ. For a detailed summary please refer 
Figure A 2-33. 
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Figure A 2-32. tSEM micrographs for 4TD_4T crystal structure (scale bars = 500 nm). 
Length measurements were done using ImageJ. For a detailed summary please refer 
Figure A 2-33. 
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Figure A 2-33. Summary of all the 1D SST crystal structures. (A) Histogram plotting the 
maximum lengths (nm) measured across all the crystal structures; (B) Histogram plotting 
the percentage of circular species observed across all the structures. In both the plots, 
blue bars represent the 2 nt spacer structures while the red bars represent the 4 nt spacer 
structures. All the crystal structures were incubated for 7 days across a steady ramp. 
From the plots mentioned in this supporting figure and figure 3 in the main text, we hy-
pothesize the following points: 
We hypothesize that the 1D crystal formation process is similar to step-growth polymer-
ization. Each oligonucleotide that make up the structure act as independent monomer. 
This makes the entire process more complex than a regular polymer-ization growth re-
action. In step-growth polymerization, the monomers are rapidly lost early on in the re-
action while the average molecular weight increases slowly at low conversion rate and 
longer incubation periods are required to obtain high chain lengths. 
From plot (A) and figure 3, it can be observed that the length of the crystals is dependent 
on the spacer lengths. For all the structures the 4 nt spacer version produces longer 1D 
crystals on average. We hypothesize that this could be due to the flexibility of the struc-
ture resulting from the 6-arm junction. From Figure 1G we observe that the addition of 2 
nt spacer adds an additional ~1 nm to each 6-arm junction. This additional length could 
be responsible for the release of stress that could accumulate with the increase in length. 
The spacers are not the only factor responsible for longer tubes. From (A), it can be 
clearly observed that 3Tx crystals pro-duce longer species compared to 4Tx crystals. We 
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hypothesize that this is a result of the asymmetric design of the 3Tx crystal making the 
growth preferentially 1D and reducing the possibility of branching. 
Another factor that controls the length of the crystals is the type of interconnections in 
the design. For the 4Tx crystals the interconnection 1->C gives the maximum length and 
is also producing a high percentage of circular species. Similarly, for 3Tx crystals, the 
interconnection 1->A gives the maximum length. We hypothesize that this outcome is 
directly related to the diameter of the tubes. Smaller diameters (4TA = 15 nm compared 
to 4TC = 13.1 nm compared to 3TC = 11 nm) are preferred for longer lengths. The diam-
eter of the tube is calculated using the values provided by Erickson.131 
DISCLAIMER: The measurements that are demonstrated in this article were carried out 
manually. There are several limitations to this style of quantification. The important limi-
tations are discussed below:  
The measurement of structures that are below 100 nm is not possible. This limitation 
stems from the presence of numerous background species as the samples were non-
purified. The measurement of all the species that were in the form of aggregates is also 
not possible. Despite these limitations we believe that the quantification is a representa-
tive of the entire sample and the above mentioned hypothesize is a collective under-
standing of the 1D SST crystal structures. 
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Figure A 2-34. Mean free energy plots obtained by the division of the entire sampled 
conformations of the 6-arm junctions used to compute Figure 2 into 3 equal parts. Note 
that the standard deviation is on the order of the line thickness. Therefore, we conclude 
that sufficient sampling of the angular space was reached.   
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Figure A 3-1. Schematic representations of the wireframe structures (large) with gap 
regions. Both the large designs (A) flat and (B) tube are made up of isosceles triangles, 
where each edge of the triangle corresponds to a single DNA double helix. For the large 
structures the base of the triangle is 128 bp long while the legs are 123 bp long. The 
vertex of the triangles consists of a single-stranded DNA loop domain of two nt. The gap 
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regions in the control structures are filled by additional staple-strands represented by red 
arrows that are annealed during the folding reaction. Schematic representation of one 
edge of the triangle can be seen in (C). The blue arrows represent the scaffold, while the 
green arrows represent the staples. The gap in the large structure design can either be 
81 or 86 nt long. 
 
 
Figure A 3-2. AGE analysis of the T4 DNA polymerase assisted gap-filling of the 
wireframe DNA structures. The protocol for the extension reactions can be referred to in 
5.4.2. Lanes marked with the red label “Gap” indicate structures with gap regions, blue 
label “Ext” = enzymatically filled structures; “p7560” and “p8064” = respective DNA scaf-
fold used for the structure assembly; “C” = control structures with staple-filled gaps; “L” 
= 10 kb plus DNA ladder (Thermo Fisher Scientific). 
The product yield was calculated from the ratio of the intensity of the product band and 
the entire material in a lane excluding the excess staple strands using ImageJ.198 The 
corresponding data for the gap and extended products for each structure was plotted on 
a bar-column graph, as seen in the figure. From the graph it can be concluded that the 
final product yield is not affected by the absence of a large number of staple-strands (33 
% for the small design and 66 % for the large design) during the folding step and is in 
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fact better when compared to the control structures where all the staple-strands were 
provided.  
 
Figure A 3-3. Wide-field tSEM micrographs for the flat small structures. (A) Folded struc-
tures with gap regions; (B) Structures filled by T4 DNA polymerase at 25 °C for 3 min, 
followed by an inactivation step using 2-Mercaptoethanol at 25 °C for 1 min; (C) Control 
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structure, without gap regions were folded with additional complementary staples. Scale 
bars: 100 nm. 
 
Figure A 3-4. Wide-field tSEM micrographs for the tube small structures. (A) Folded 
structures with gap regions; (B) Structures filled by T4 DNA polymerase at 25 °C for 3 
min, followed by an inactivation step using 2-Mercaptoethanol at 25 °C for 1 min; (C) 
Control structure, without gap regions were folded with additional complementary sta-
ples. Scale bars: 100 nm. 
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Figure A 3-5. Wide-field tSEM micrographs for the flat large structures. (A) Folded struc-
tures with gap regions; (B) Structures filled by T4 DNA polymerase at 40 °C for 3 min, 
followed by an inactivation step using 2-Mercaptoethanol at 25 °C for 1 min; (C) Control 
structures without gap regions were folded with additional complementary staples. Scale 
bars: 100 nm. 
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Figure A 3-6. Wide-field tSEM micrographs for the tube large structures. (A) Folded struc-
tures with gap regions; (B) Structures filled by T4 DNA polymerase at 40 °C for 3 min, 
followed by an inactivation step using 2-Mercaptoethanol at 25 °C for 1 min; (C) Control 
structures without gap regions were folded with additional complementary staples. Scale 
bars: 100 nm. 
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Figure A 3-7. Inactivating T4 DNA polymerase with 2-Mercaptoethanol. The 
optimizations were performed on the flat small structure for different time intervals (1, 3, 
10 and 30 min) in buffer recommended by the supplier at 25 °C. To test its inactivation, 
the polymerase was incubated with 2-Mercaptoethanol for different time intervals (1, 3, 
10 and 30 min) prior to the addition of the flat small gap sample. The AGE results (A) 
show that the inactivation works within 1 min, as the migration of the product band is 
comparable to the gap control (lane marked with “Gap” in red).  
For further optimization, different concentrations of the dNTPs and the T4 DNA 
polymerase were tested. These optimizations were also performed on flat small 
structures for 5 min at 25 °C. The extension reaction was inactivated with 2-
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Mercaptoethanol after 5 min of incubation. From the AGE results (B-left) it can be 
concluded that while keeping the polymerase concentration constant at 3 units in 20 µL 
reaction, at lower dNTP concentration the polymerase has a higher exonuclease activity 
that leads to the digestion of the excess staples along with some amounts of the main 
product. The effect is reduced for dNTP concentrations >50 µM/dNTP, with 500 
µM/dNTP being the optimum concentration.  
To test the optimal polymerase concentration, five different concentrations were tested 
(3, 1, 0.3, 0.1 and 0.03 units in a 20 µL reaction). The AGE results (B-left) indicate that 
a lower concentration of the polymerase reduces the extension efficiency. The minimum 
concentration is around 1-3 units, with 1 unit being a borderline case. All the conclusions 
are backed by the PAGE analysis (B-right).  
In summary, the optimum dNTP concentration is 500 µM/nt while the optimum T4 DNA 
polymerase concentration is 3 units in 20 µl reaction. In order to inactivate the 
polymerase, 1 min of incubation with 2-Mercaptoethanol is sufficient. 
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Figure A 3-8. Inactivation efficiency of 2-Mercaptoethanol for all four structures. The ex-
tension reactions were performed for 45 min in the supplier’s buffer at 25 °C. After ex-
tension, reactions were quenched with 10 % 2-Mercaptoethanol (final) for 10 min at 25 
°C. 
From the AGE results (A-i) it can be observed that the 2-Mercaptoethanol inactivated 
product bands (lanes marked with “ext*” in blue), have a slower migration compared to 
the product bands that were not inactivated by 2-Mercaptoethanol (lanes marked with 
“ext” in blue). On further analysis with the PAGE gels (A-ii), the inactivated product lanes 
produce distinct oligonucleotide bands when compared to the non-inactivated product 
lane that have a smeary background. This behavior was observed across all the struc-
tures.  
Similar observations were made in the tSEM micrographs (B). The extension reactions 
that were not inactivated, produce entities that appear to be degraded or malformed. 
Scale bars: 100 nm 
We conclude the inhibition of the 3’->5’ exonuclease activity of the polymerase T4 DNA 
polymerase with 2-Mercaptoethanol is crucial to obtain correct products.  
Note that the PAGE analysis of the large structures flat and tube still produces extra 
unexpected bands, which are further discussed in Figure A 3-11. 
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Figure A 3-9. Optimization of the extension reaction using T4 DNA polymerase. The op-
timizations were performed on flat small and flat large structures for different time points 
(1, 3, 10, 30 and 100 min) in the supplier’s buffers at different temperatures (12, 25 and 
37 °C). 
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From the AGE results (A-i for flat small and A-ii for flat large), it can be observed that for 
temperatures 12 and 25 °C the product band migration for both flat small and flat large 
across all time points are comparable and correspond to the filled structures. While for 
the extension reactions for both the structures at 37 °C, the excess staple bands in the 
bottom of the lanes were observed to be fainter compared to the corresponding bands 
at 12 and 25 °C. Also, in the 100 min time point the product band along with the extra 
staple band is inexistent. Both these observations for the reactions at 37 °C support the 
hypothesis that the polymerase is more processive at higher temperatures and has a 
higher 3’->5’ exonuclease activity that leads to the digestion of the products while some 
of the remaining forms aggregates (bands in the pockets of the wells).  
The PAGE gels (B-i for flat small and B-ii for flat large) show less background smear at 
higher temperatures. Nevertheless, for the flat large samples, extra unaccounted oligo-
nucleotide bands can still be observed, potentially caused by slippage at secondary 
structures (see Figure A 3-11). 
In conclusion, the optimum conditions for T4 DNA polymerase assisted gap-filling of the 
wireframe structures is: 25 °C extension for 1-10 min followed by 2-Mercaptoethanol 
inactivation at 25 °C for 1-3 min (AGE and PAGE analysis for this can be referred in C). 
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Figure A 3-10. TEM micrographs corresponding to the time and temperature optimiza-
tions of the extension reactions with T4 DNA polymerase (detailed discussion in Figure 
A 3-9). Scale bars = 100 nm. 
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Figure A 3-11. Understanding the low gap-filling efficiency of large (flat and tube) struc-
tures. The Gibbs free energy of the gap-regions for the two gap designs (small and large) 
was calculated using the mfold algorithm.105 The results from the simulation were classi-
fied into four categories depending on the computed Gibbs free energy value and the 
observation from the PAGE analysis. A lower (more negative) Gibbs free energy directly 
corresponded to stronger hairpin regions. The results were plotted on a heat map graphic 
using k-router108 for respective structures.  
At lower temperatures, nearly all the gap regions have a high probability of hairpin for-
mation, while at higher temperatures, the probability of hairpin formation is reduced. 
However, in the large structures, there are still 13 gap regions with a strong high hairpin 
formation probability at 40 °C. We hypothesize that hairpins with a Gibbs free energy of 
less than -7 kcal/mol are likely to undergo a replication slippage when extended with the 
help of T4. 
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Figure A 3-12. Fast folding of gap flat small structures followed by fast T4 DNA polymer-
ase assisted gap-filling. The flat small structures were folded with gap regions 4 different 
folding protocols were tested to assess the minimum time needed to anneal and hybrid-
ize the domains of the wireframe structures. A-i agarose gel analysis of the isothermal 
folding of the gap structures. A-ii page gel analysis of the isothermal folding of the gap 
A.3 Additional figures from chapter 5  
 
126 
 
structures. The four different folding protocols can be referred in the table in (A-iii). With 
respect to the incubation times, protocol A takes ~16 h, protocol B takes ~1 h, protocol 
C takes ~10 min and protocol D takes ~6 min. Post-folding, the gap flat small structures 
were extended by T4 DNA polymerase at the optimized conditions (25 °C for 3 min, 
followed by 2-Mercaptoethanol inactivation at 25 °C for 1 min).  
The AGE results suggest that all folding protocols work with equal efficiency and the 
expected oligonucleotide bands were present in all cases in the PAGE gels (A-ii). Further 
analysis by AFM does not show significant differences. Scale bars: 500 nm. 
In conclusion, the wireframe DNA origami structures with gap regions can be folded 
within 6 min instead of the standard 16 h and can be extended within 3 min with the 
polymerase assisted gap-filling protocol. 
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